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UNIFICATION AND LOW-ENERGY SUPERSYMMETRY
AT ONE AND TWO-LOOP ORDERS
Nir Polonsky
Dissertation Supervisor: Prof. Paul Langacker
The status of coupling constant unication { assuming the validity of the standard model or of its
minimal supersymmetric extension at high energies { and of relations between various Yukawa couplings
(assuming the supersymmetric extension) which are implied in certain grand-unied theories, are studied
in detail. Theoretical uncertainties in the calculations are emphasized, and low-energy constraints and
predictions are derived. In particular, we nd that bottom-tau unication favors a Higgs boson lighter
than 110 GeV. The structure of the vacuum in the model studied is also discussed. Implications of
embedding supersymmetric models in grand-unied theories are further explored and are shown to





1.1 Motivation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 1
1.2 The Minimal Supersymmetric Model : : : : : : : : : : : : : : : : : : : : : : : : : : : : 2
1.3 A Prototype of a Grand-Unied Theory: SU(5) : : : : : : : : : : : : : : : : : : : : : : 5
1.4 Contents of Dissertation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7
2 Weak-Scale Data 8
2.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 8
2.2 Weak-Scale Gauge and Yukawa Couplings : : : : : : : : : : : : : : : : : : : : : : : : : 8
2.2.1 Precision Electroweak Data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9
2.2.2 The Strong Coupling : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11
2.2.3 The b-quark Mass : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12
2.2.4 New Data : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13
2.3 Mass Bounds on the New Supersymmetric and Higgs Particle Spectrum : : : : : : : : : 13
3 Status and Implications of Coupling Constant Unication 17
3.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17
3.2 One- and Two- Loop Predictions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19
3.3 The Correction Terms: A Formal Discussion : : : : : : : : : : : : : : : : : : : : : : : : 24
3.4 The Correction Terms in The MSSM : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31
3.5 Conclusions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 33
4 b- Yukawa Unication and the Bottom Mass Prediction 46
4.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 46




  tan  Plane : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 49
4.4 The Correction Terms : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 51
4.5 Conclusions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 60
5 The Higgs Sector in Supersymmetric Yukawa Unied Models 70
5.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 70
5.2 The Weak-Scale Higgs Sector : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 72
5.2.1 The Minimization Conditions : : : : : : : : : : : : : : : : : : : : : : : : : : : : 72
5.2.2 The Higgs Sector Custodial Symmetries : : : : : : : : : : : : : : : : : : : : : : 73
5.2.3 The Spectrum : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 74
5.2.4 Summary : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 75
5.3 The tan  ! 1 scenario : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 75
5.4 The Loop-Induced Mass : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 77
v
vi
5.4.1 The EPM: Run and Diagonalize : : : : : : : : : : : : : : : : : : : : : : : : : : : 78
5.4.2 The RGM: Diagonalize and Run : : : : : : : : : : : : : : : : : : : : : : : : : : : 79
5.4.3 Comparison Between the EPM and RGM : : : : : : : : : : : : : : : : : : : : : 80
5.4.4 Constraints on the Mixing Enhancement : : : : : : : : : : : : : : : : : : : : : : 81
5.4.5 Two-Loop Calculations : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 82
5.5 The Prediction for The Higgs Boson Mass and Its Upper Bound : : : : : : : : : : : : : 83
5.6 A Comment on Extended Higgs Sectors : : : : : : : : : : : : : : : : : : : : : : : : : : : 85
5.7 Conclusions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 85
6 Generation and Implications of Non-Universal Soft Parameters in Supersymmetric
Grand-Unied Models 98
6.1 Introduction : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 98
6.2 Patterns of Non-Universality at M
G
: : : : : : : : : : : : : : : : : : : : : : : : : : : : : 100
6.3 Weak-Scale Phenomena : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 104
6.3.1 First and Second Family Scalars : : : : : : : : : : : : : : : : : : : : : : : : : : : 109
6.3.2 The  Parameter : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 110
6.3.3 The Higgs Scalars : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 111
6.3.4 Third Family Scalars : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 111
6.3.5 Possible Implications : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 112
6.4 Conclusions : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 112
7 Conclusions and Future Outlook 127
A Outline of the Numerical Procedures 129
A.1 The Numerical Calculation : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 129
A.2 An Algorithm for Solving The MSSM Using RG Techniques : : : : : : : : : : : : : : : 129
B Implications of Recent Data 131
C A General Treatment of Heavy Threshold Eects 133
D Color and Charge Breaking Minima at RG-Improved Tree Level 135
Bibliography 139
List of Tables
1.1 Symbols used to denote the MSSM scalar superelds, their charges, and symbols used to
denote their (complex) scalar components. : : : : : : : : : : : : : : : : : : : : : : : : : 3
1.2 Symbols used to denote the The Majorana fermion (gaugino) and vector boson compo-
nents of the three MSSM vector supermultiplets. : : : : : : : : : : : : : : : : : : : : : 3
1.3 The correspondence between the various MSSM interaction and mass eigenstates. : : : 3




). : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12
2.2 Lower mass bounds for the dierent Higgs and new supersymmetric particles. Also listed










































the  function coecients, case (b). : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21
3.3 The  function coecients. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 21
3.4 Two-loop terms for the case (a). : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22
3.5 Two-loop terms for the case (b). : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22







) in case (a). : : : : : : : : : : : : : : : : 23






) in case (b). : : : : : : : : : : : : : : : : 23
3.8 The two-loop predictions of the SM and MSSM in case (a) for F = 1 additional fermion
family and n
H
= 1 or 2 additional light Higgs (super)multiplets. : : : : : : : : : : : 23
3.9 The two-loop predictions of the SM and MSSM in case (b) for F = 1 additional fermion
family and n
H
= 1 or 2 additional light Higgs (super)multiplets. : : : : : : : : : : : 24
3.10 The MSSM low-energy parameters calculated for the spectra of Ross and Roberts. : : 26
3.11 The corrections to the predictions in the MSSM due to dierent values of the top Yukawa
coupling. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 28
3.12 The dierent correction terms 
i
in the [minimal SU(5)] SM. : : : : : : : : : : : : : : 29
3.13 The dierent correction terms 
i
in the [minimal SU(5)] MSSM. : : : : : : : : : : : : 30




















the MSSM and to their theoretical uncertainties. : : : : : : : : : : : : : : : : : : : : : 34
4.1 The coecients C
i
are dened and estimated. : : : : : : : : : : : : : : : : : : : : : : : 58
5.1 The allowed regions in the tan   m
pole
t
plane. : : : : : : : : : : : : : : : : : : : : : : 75
6.1 Patterns of non-universality in the minimal SU(5) model. : : : : : : : : : : : : : : : : 103
vii
viii
6.2 The low-energy spectrum is calculated for m
pole
t
= 160 GeV and tan = 1:25.  = 1 at
M
G
. Equal values of the model building (low-energy) parameters eq. (6.8) (eq. (6.9))
are used in the rst and second (rst and third) columns. The rst and second columns
correspond to Fig. 6.1. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 106
6.3 Same as in Table 6.2 except it corresponds to Fig. 6.2. : : : : : : : : : : : : : : : : : : 107
6.4 Same as in Table 6.2 except (M
G
) = 0:1 and it corresponds to Fig. 6.3. : : : : : : : : 107
6.5 Same as in Table 6.2 except m
pole
t
= 180 GeV, tan  = 42, and it corresponds to Fig.
6.4. The last two columns list scenarios with non-vanising D-terms (see text). : : : : : 108
List of Figures









0:129  0:010 is also shown. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16
3.1 The running coupling constants assuming the SM and the MSSM. : : : : : : : : : : : : 36
3.2 The Z-pole weak angle and strong coupling and the coupling at the unication scale are
predicted as a function of the unication scale. The string relation between the string
(or unication) scale and coupling is also shown. : : : : : : : : : : : : : : : : : : : : : 37
3.3 M
SUSY
as a function of m
0
. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 38
3.4 M
SUSY
as a function of M
1=2
. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 39
3.5 M
SUSY
as a function of the  parameter. : : : : : : : : : : : : : : : : : : : : : : : : : 40




) prediction. : : : : : : : : : 42
3.7 Contributions of individual correction terms to the prediction of the scale parameter t. 44








, and of the two Higgs doublet expectation value ratio, tan . : : : : : 45
4.1 The t-quark pole mass - tan  plane (for m
pole
t
 140 GeV). : : : : : : : : : : : : : : : 61
4.2 The t-quark pole mass - tan  plane (for m
pole
t
 100 GeV). : : : : : : : : : : : : : : : 62
4.3 The low-tan  branch is shown in greater detail. : : : : : : : : : : : : : : : : : : : : : 63




for dierent boundary conditions. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 64




(4:45GeV) < 4:45 GeV. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 65
4.6 The correction to the b-quark mass from nite superpartner loops. : : : : : : : : : : : 66
4.7 The area in the m
pole
t
  tan  plane which is consistent with perturbative two-Yukawa
unication and with 0:85m
0
b




) = 0:11. : : : : : : : 67




) = 0:12. : : : : : : : : : : : : : : : : : : : : : : : : 68




) = 0:13. : : : : : : : : : : : : : : : : : : : : : : : : 69
5.1 The allowed region for tan   1. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 87
5.2 The prediction for the Higgsino mass parameter  as a function of (a) the t-quark pole
mass and of (b) tan . : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 88
5.3 A scatter plot of the Higgs boson mass (calculated in the EPM with the subtraction scale
Q at the Z-pole) vs: the t-quark pole mass. : : : : : : : : : : : : : : : : : : : : : : : : 89
5.4 Same as in Fig. 5.3 except the mass is calculated using the RGM (numerically). : : : : 90
5.5 The EPM (with the subtraction scaleQ at the Z-pole) calculation of the Higgs boson mass
is compared with the mass calculated in the RGM but using the Haber and Hemping
leading logarithm formula. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 91
5.6 Same as in Fig. 5.5, except Q = 600 GeV and the RGM calculation is carried out
numerically. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 91
ix
x5.7 The Higgs boson mass distribution in a sample Monte Carlo calculation (using the EPM
with the subtraction scale Q at the Z-pole). : : : : : : : : : : : : : : : : : : : : : : : : 92
5.8 Same as in Fig. 5.7 except for the omission of points which correspond to a global color
and/or charge breaking minimum. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 93
5.9 Same as Fig. 5.7 except for substituting the t-quark running (rather than pole) mass in
the mass expressions for the scalars. : : : : : : : : : : : : : : : : : : : : : : : : : : : : 94
5.10 Same as in Fig. 5.7a-b except using the RGM (with numerical integration). : : : : : : 95
5.11 The upper bound on the Higgs boson mass as a function ofm
pole
t
. Also shown a suggestive
lower bound in the non supersymmetric case. : : : : : : : : : : : : : : : : : : : : : : : : 96





= 0. The allowed area when there is no singlet eld (
s
= 0) is shown for comparison. 97







evolution is considered and neglected.














= 987 GeV, and choice (a): m
pole
t
= 160 GeV and tan  = 1:25. : : : : : : 114
6.2 Same as in Fig. 6.1 except M
1=2





6.3 Same as in Fig. 6.1 except M
1=2











) = 0:1. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 116
6.4 Same as in Fig. 6.1 except M
1=2
= 89 GeV, m
0
= 977 GeV, A
0




= 180 GeV and tan = 42. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 117












tan  = 42. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 118




and tan = 1:25 and assuming (i) universality at M
G









) = 0:1. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 119
6.7 Same as in Fig. 6.6 except m
pole
t
= 180 GeV and tan  = 42. : : : : : : : : : : : : : : : 120
6.8 Same as in Fig. 6.6 except for the light CP-even Higgs boson mass m
h
0
prediction. : : 121
6.9 Same as in Fig. 6.7 except for the light CP-even Higgs boson mass m
h
0
prediction. : : 122




. : : : 123
6.11 Scatter plot of the light chargino 
+
1




mass eigenvalues within the
allowed parameter space and for m
pole
t
= 160 GeV and tan  = 1:25. : : : : : : : : : : : 124








mass eigenvalues. : : : : : : : : : 125










= 180 GeV and tan = 42. : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 126




in the vicinity of the 
1;2




Particle Physics was marked in the last two decades by the overwhelming success of the Standard Model









group of nature at the weak scale Q  100 GeV
1





electroweak subgroup is broken spontaneously via the Higgs mechanism [3]. The low-energy phenomena





symmetry (Q is the electric charge), and are described by quantum
chromodynamics (QCD) and electrodynamics (QED) and by the short-range weak interactions (see
[4]). However, our interest in this work is the exploration of certain candidate (eective) theories that
extend the SM in order to describe phenomena at energies above the weak scale.
A priori, the success of the SM (with three fermion families) to explain the observed phenomena,
which was recently shown to hold at the loop level [5], does not require us to consider any extended
theories. Nevertheless, the SM includes many arbitrary parameters (e.g., the number of families, the
quantum numbers of the dierent elds, and the strength of the dierent couplings); one cannot under-
stand within the SM the lightness of the Higgs boson
2
(its mass is proportional to the cuto 
SM
one










Consideration of grand-unied theories (GUT's) [7, 8, 2] is motivated by the former, and consideration
of supersymmetric (and, in particular, supergravity
3
) theories [9] is motivated by the latter two. We will
concentrate on these possible extensions and, in particular, on supersymmetric grand-unied theories
[10].
String theories [11] also address the above issues but are not studied here. In principle, supersym-
metric theories (and perhaps supersymmetric grand-unied theories) could be derived from a string
theory. Most string theories, however, do not contain a grand-unied sector. Thus, by exploring pos-
sible implications of GUT's one can distinguish regions of the supersymmetric model parameter space
that are possibly consistent with string theories but which are inconsistent with the GUT's studied.
We will comment further on this issue throughout the dissertation.
1




A Higgs boson much heavier than the weak scale would lead to inconsistencies in the theory [6].
3
Supergravity is a localized supersymmetry theory with a spin 3=2 gauge particle (the gravitino) whose bosonic partner
is the spin 2 graviton.
1
21.2 The Minimal Supersymmetric Model
The minimal supersymmetric extension of the standard model (MSSM) [9] serves as a prototype of
supersymmetric theories. We will limit our attention to that prototype model (but see sections 3.1 and
5.7), and we assume that it is the low-energy limit of a supergravity theory (see comment above). The
MSSM has been explored for more than a decade, but has not yet been established by experiment.
Kane recently addressed this peculiar status of the theory, where lack of any direct (or substantially
solid indirect) evidence does not diminish our enthusiasm and interest in the MSSM (or for that matter,
in any other supersymmetric theory). Kane lists [12] the following phenomenological motivations for
this simplest supersymmetric model:
1. Success of coupling constant unication.
2. Success of bottom-tau unication.
3. The radiative symmetry breaking mechanism of the electroweak group (i.e., the MSSM manifes-
tation of the Higgs mechanism) requires a t-quark heavier than about 100 GeV, which is indeed
the case.
4. The prediction of a Higgs boson lighter than about 150 GeV.
5. The theory contains a possible dark matter candidate.
6. The predicted stability of the proton.
7. The decoupling of the MSSM from electroweak data observables (which are explained well by the
SM).
8. The absence of new large contributions to avor changing neutral currents (FCNC).
We will consider the above arguments below, but rst we briey describe the model. Supersymmetry
is a symmetry between the fermionic and bosonic sectors of the theory. Each fermionic (bosonic) degree
of freedom in the model is complemented by a bosonic (fermionic) one; both are components of the
respective supereld. The MSSM is dened by the superpotential (neglecting Yukawa terms of the two
























are the SM Yukawa couplings of the t and
b-quark and of the  -lepton, respectively.  is a supersymmetric Higgs mass parameter. The elds and
their quantum numbers are given in Tables 1.1 { 1.3. Hereafter, we suppress group theory indices. Note
that two Higgs doublets are introduced and that W
MSSM
is consistent with the SM symmetry group
S. Other potential terms, which are consistent with S but which violate lepton (L) and/or baryon
(B) number, are forbidden by postulation of a discrete matter R-parity, R = ( )
3B+L+2S
(S, here, is
the respective particle spin). When calculating the renormalized parameters, fermion and boson loop
contributions cancel and the Higgs boson mass (which is given in the supersymmetric limit by ) is
only logarithmically renormalizable, i.e., it is not quadratically divergent.
4
Note that higher dimension terms in the superelds are not renormalizable. We do not discuss nonrenormalizable
terms in W
MSSM
, which are suppressed by inverse powers of the supergravity scale.







] charges (second column), and symbols used to denote their (complex) scalar
components (third column). Family indicies are typically suppressed for the third family elds. The





. We will refer to SM fermion superpartners as scalar quarks and leptons, t; b and  -scalar,
etc., or alternatively as sfermions, squarks and sleptons, stop, sbottom and stau, etc.









































































































































Table 1.2: Symbols used to denote the The Majorana fermion (gaugino) and vector boson components







numbers of the respective elds.
Fermion Vector boson Charge
~g (gluino) g (or G) (8, 1, 0)
~
W (wino) W (1, 3, 0)
~
B (bino) B (1, 1, 0)
Table 1.3: The correspondence between the various interaction and mass eigenstates in the MSSM.
~
f













is a CP-odd Higgs boson, H
+
is a charged (complex) Higgs boson, and three Higgs boson degrees of






are also denoted by the common symbol
H. The neutralinos and charginos are Majorana and Dirac fermions, respectively. The dierent mixing






































































4No superpartner is observed in nature (to date), and all new scalars and fermions which are predicted
by the theory have to be massive. The Higgs bosons and their fermionic partner, the Higgsino, are given
the mass . However, the other new particles require one to add new mass parameters that render them
heavier than their observed SM counterparts. The new parameters break the supersymmetry, but are





































where i,  and  sum over the scalars, avors and S subgroups, respectively, and W

is the pure scalar




in (1.1). Note that L
soft





elds. (In general, we do not distinguish our notation for the scalar superelds
from that of their scalar components.) The parameters are taken to be of the order of 
SM
, i.e., of the
order of the weak scale. From (1.1) and (1.2) one obtains the Higgs and scalar potentials given, for
example, in chapter 5 and Appendix D, as well as the weak-scale spectrum (see Haber and Kane [9]).
In particular, the quartic couplings in the scalar potential are strongly constrained.
An explicit assumption one often makes is that one has \universal" high-scale boundary conditions
















and B = B
0
. Given the boundary conditions, one can calculate the low-energy spectrum using renor-
malization group techniques. The universal parameters (1.3) will be given by a more fundamental
gravitational theory, for example, a string theory. In the simplest example this is the (Polonyi) minimal
supergravity model [14], where the parameters are induced by the gravitational interactions connecting
the (otherwise decoupled) observed and \hidden" sectors [supersymmetry is broken (at the tree level)
in the latter]. Once the supersymmetry is broken in the hidden sector, gravity generates (soft) break-
ing in the observed sector
6







8 (see chapter 6).
We are now in a position to review Kane's arguments. Points 1, 2 and 6 are directly related to the
status of supersymmetric grand-unied theories and not the MSSM proper. They are further discussed
in the next section. The third point is, in fact, a consistency requirement of the model (see chapters
5 and 6) which is successfully fullled. It has to do with the renormalization of the soft parameters
from high to low energy. Point 4 is a strong prediction that most probably can be tested in the next
decade (see chapter 5). The cosmologically motivated point 5 involves speculative issues that we do
not discuss. It is based on the postulated R-parity that forbids supersymmetric partners [R = ( )]
from decaying into ordinary (and Higgs) particles [R = (+)], and thus the lightest supersymmetric
particle (LSP) is stable. Point 7 follows by construction if the new particles are signicantly massive,
5
We implicitly assumed proportionality of the A and Yukawa terms. This is required in order to avoid new contributions
to FCNC. Renormalization eects slightly violate the proportionality.
6
The universality in this model is due to the choice of a minimal kinetic function.
5and constitutes a strong motivation (see chapter 2). Lastly, the absence of new FCNC is due to the
universality assumption (1.3), i.e., the super-GIM mechanism [10]. We conclude that even when ignoring
the arguments based on GUT or cosmological models, the simplest construction includes an impressive
array of features (sometimes assumed ad hoc) that do not interfere with the SM successes, but which
can correct some of its most serious aws. [However, the soft parameters either have to be real or else
have small ne-tuned phases (or are much heavier than the weak scale) to avoid unacceptably large





implies that superpartners of ordinary matter (and not only the Higgs bosons) should be observable at
the next generation of large hadron and linear colliders. Thus, the models will be tested, and theoretical
and experimental work aimed at gaining better understanding of the model predictions is timely and
well motivated. Characterization of the model by experiment may shed light on the more fundamental
theory of which the MSSM (or some other variant) is the low-energy limit, and open a window to the
Planck scale.
1.3 A Prototype of a Grand-Unied Theory: SU(5)
GUT's have been considered [7, 8] since shortly after the introduction of the SM. Supersymmetric
GUT's were rst considered in Ref. [10]. We will describe only the supersymmetric version of the
simplest model, minimal SU(5). In the non-supersymmetric case one has dierent normalizations,
there are no weak-scale soft terms, and the form of the scalar potential is less restrictive (see [2]). The
basic assumption that underlies any GUT is that the SM group is embedded in an extended symmetry
group at some high scale, the unication scaleM
G
. Thus, the SM (scale-dependent) coupling constants
are unied at that scale and are replaced by a single coupling, provided that one correctly normalizes
the SM U(1), as determined by the normalization of the GUT group generators. In a given model, one
can extrapolate the couplings [8] to high-energy, examine their unication, and determine the GUT
scale. At that scale one introduces new superheavy Higgs elds and invokes the Higgs mechanism [3]
so that the GUT group is spontaneously broken to S (or to some intermediate group). Also, the SM
multiplets are embedded in the larger representations of the GUT group, and thus one predicts certain
relations between SM Yukawa couplings [16]. The quantum numbers of the elds are determined by
their embeddings. SU(5) has the rank of S (i.e., four) and is the minimal group that can be used to
construct such a model. Note that minimal GUT models do not explain the number of matter families.
The SM vector bosons are embedded in a 24 vector supermultiplet of SU(5), together with new
leptoquark vector bosons X and Y ,







The leptoquark vector bosons mediate proton decay at the tree level, and are constrained to be heavier
than  10
15
GeV. The Higgs sector of the minimal SU(5) model consists of three supermultiplets,








































are color triplets and the SU(2)
L









=2. The matter superelds are in the

5+ 10 representations:
Q; U; E 2  (10); (1.6)
D; L 2 (

5): (1.7)








































are the Yukawa couplings of the third






diag(2; 2; 2; 3; 3); (1.9)
























) is required so that the Higgs SU(2) doublets
have masses of O(M
Z
) instead of O(M
G












is denoted in chapters
3 and 4 also as M
5
.) If one ne-tunes the global theory so that  = 0,  = O(m
0
) is generated in the
local theory (where the soft terms are present and shift 

) [14]. In simple models the color triplet
Higgsino components mediate proton decay at the loop level, and M
H
C








, the eective lagrangian also contains (assuming supergravity) the soft supersymmetry




























































































+ h:c:] : (1.10)
The universality condition (1.3) could be applied to the SU(5) parameters at M
P
(see chapter 6). The
SU(5) A and B parameters also need to be ne-tuned in order to avoid superheavy Higgs doublets.
We are now in a position to discuss the remaining points in Kane's list (section 1.2). Points 1 and
6 are discussed in chapter 3. Indeed, the model is consistent with coupling constant unication (i.e.,
with supersymmetric GUT's). This is due to the new positive contributions to the -functions that
renormalize the couplings between the weak scale and M
G
. Proton decay, however, is not suppressed







is near its lower bound. The second point
(discussed in chapter 4) is even more strongly model dependent (i.e., embedding the MSSM in specic
GUT's) and is successful only in small regions of the parameter space. It should be viewed as a test of
the specic models that predict it rather than of the generic MSSM (dened in the previous section).
In particular, the models do not explain in a satisfactory fashion the light fermion spectrum. The
theoretical interpretation and signicance of the unication success are far from clear, but motivate a
more thorough investigation of supersymmetric GUT's.
Below, we will also comment on the rank ve minimal SO(10) model where the SU(5) 10

5 matter
representations are embedded in an SO(10) 16 (together with a right-handed neutrino singlet), and
5 

5 Higgs representations are embedded in an SO(10) 10, implying dierent relations between SM
7








7Yukawa couplings than in the minimal SU(5). The vector and superheavy Higgs superelds are in the
45 representation. In some extended SO(10) models additional 10's or larger representations (e.g.,
126) are introduced in order to construct the MSSM Higgs sector.
1.4 Contents of Dissertation
Following this chapter, we briey review the relevant weak-scale data, as well as bounds on new su-
persymmetric and Higgs particles. In chapter 3 we discuss coupling constant unication at the one
and two-loop orders, including one-loop MSSM and SU(5) threshold corrections. We will show, for




) = 0:129 0:010 for the QCD Z-pole coupling.
Non-supersymmetric (minimal) GUT's are shown to be inconsistent with the data. In chapter 4 we
examine (at the one and two-loop orders) the status (assuming MSSM) and implications of SU(5) and
minimal SO(10) relations among the Yukawa couplings. We derive constraints on the ratio of the two
Higgs doublet expectation values, which are further explored in chapter 5. The Higgs sector of the
MSSM is discussed in general, and for Yukawa-unied models in particular, in chapter 5. In the latter
case, we nd that the light Higgs boson is probably lighter than 110 GeV. SU(5) (and extended GUT)
eects in the soft supersymmetry breaking parameters and their low-energy implications are discussed
in chapter 6. They are shown to be equivalent to certain non-universal boundary conditions atM
G
. We
conclude in chapter 7. Our numerical routines, implications of more recent data, and a general scheme
to treat superheavy threshold corrections are briey described in Appendices A, B and C, respectively.
In Appendix D we further explore the vacuum structure of the MSSM. This dissertation is based on




In this chapter we review the relevant low-energy data. If one makes the naive assumption that all
new supersymmetric particles are degenerate at M
Z
and all heavy elds are at the unication point,
then only SM parameters are needed. A treatment of the more general case (i.e., relaxing the naive
assumptions regarding threshold corrections) will be given in the following chapters, where we will
demonstrate that the unknown parameters can be treated as a perturbation to the naive assumptions
without signicantly aecting the predictive power of the model. In section 2.2 we discuss the Z-pole
gauge and Yukawa couplings. While reviewing the data, we will comment on its validity in the presence
of new supersymmetric particles near (or below) the weak scale. Current limits on new supersymmetric
and Higgs particle masses are given in section 2.3. Relevant data is further discussed in chapters 3 { 6,
as required.
2.2 Weak-Scale Gauge and Yukawa Couplings
We dene all SM parameters in the (modied) minimal subtraction scheme MS [25] (using dimensional
regularization). When used to dene boundary conditions to a supersymmetric theory, the couplings
are properly converted to the dimensional reduction scheme DR [26]. We further elaborate on that






are given by the weak
angle s
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is the appropriate one, in general, when discussing
unied models. The Yukawa couplings are given by the (running) fermion masses. Hereafter, we neglect
masses of the two light generations, as well as avor mixings. We will comment on that point when



































































































is the ratio of the two Higgs doublet expectation values, and, in principle, is a free parameter. (We
will ignore subtleties in relating the above denition of  to physical observables.) If discussing a
(non-supersymmetric) one Higgs doublet extension of the SM all functions of  are omitted from Eqs.
(2.4) { (2.6). The DR scheme conversion step functions [26] (neglecting 
1;2
terms) are indicated by fg
brackets, and in practice are negligible.
The ne structure constant is (M
Z




from the data and is discussed next in section 2.2.1. The strong coupling, which is determined
to a precision of only  10%, is discussed in section 2.2.2. m
pole

= 1:7771  0:0005 GeV [28] (see also
[29]), and 

 0:9840 [19] is a renormalization factor (which accounts for the scale evolution of the MS





). The corresponding renormalization factor for the b-quark, 
b
 0:7, is
a sensitive function of 
s
and is best calculated numerically. Also, in Eq. (2.5) we display the  8%






mass ratio [30]. [Note that 
s




).] We discuss the b-quark mass in section 2.2.3. For the t-quark we include in (2.6)






well as the next-to-leading ( 2%) correction to the pole to running mass ratio. (These corrections are
of the same order as non-leading m
pole
t
dependences of the data that we do not treat explicitly.) We
will typically neglect, unless otherwise mentioned, h

and  error bars. In section 2.2.4 we comment on
new data, some of which is not included in our analysis.
2.2.1 Precision Electroweak Data
The \jewel in the crown" of the precision electroweak data is the precise determination (to 0:2% accu-
racy) of the weak angle at the Z-pole (M
Z
= 91:1888  0:0044 GeV) which led to and motivated the
revived interest in GUT's. However, the weak angle extracted from M
Z
is a quadratic function of the






separation breaks the approximate custodial SU(2)
L+R
symmetry of the SM lagrangian [31], and the Z and W boson loop-level propagators have dierent func-
tional dependences on that separation. In particular, the m
t
dependence does not cancel in their ratio,
i.e., in the weak angle (its exact denition is scheme dependent). In the MS scheme the  parameter





































































. A two-loop 
s
correction [32] is also included
1
in (2.7), but observable-dependent lnm
t
logarithms are absorbed in
1
Recent studies of higher-loop corrections suggest 
s
! (1 + )
s










[34]. That eect increases the m
pole
t
prediction by as much as 3 GeV [35] and will





) corrections [35] which are included in the residual
error bar.
10
the error bar. A distinct m
pole
t
dependence is that from triangle loop-diagrams modifying the Z ! b

b













(to  1:2%) together with the non-universal lnm
t
dependences enable one to set an upper limit on m
pole
t
(see, for example, [36]). Unlike the determination based on the  parameter this method is insensitive
to the Higgs mass and has dierent dependence on new physics.













































where the 0:0003 uncertainty in (2.8) is mainly from the hadronic contributions
5
to the running of ,










in (2.8) [17] and logarithmic dependence on m
h
0
in (2.9) [38] are explicitly displayed. For
























Supersymmetric new particles and/or the new heavy Higgs degrees of freedom with mass M
SUSY
would modify the vector boson masses (i.e., the oblique correction parameters S and U) and their
ratio (i.e., the oblique correction parameter T or the  parameter) [39, 40], as well as R
b
via vertex









), which is in eect in most of the MSSM parameter space (and which we
assumed above). Only regions of parameter space in which additional breaking of SU(2)
L+R
occurs
will contribute to the  parameter; e.g., the contribution of the t-scalar sector to  is equal to that of









here stands for a typical diagonal (soft mass) entry in






































being the mass eigenstates] [39]. The symmetry






in the former case, and by the left-right mixing parameter a in the latter.
It is important to note that the correction has the same sign as the t-quark correction, and if it is not
negligible diminishes the t-quark mass prediction given in (2.9). This observation holds, in general,










=2 [40] (i.e., m

+
just above its current lower bound from LEP and in the range visible to LEPII). Most probably only
new process-dependent corrections, i.e., to R
b
, can signicantly increase the predicted t-quark mass in
comparison to the case assuming the heavy MSSM limit. Currently R
exp
b





varying from 60  1000 GeV with a central value of 300 GeV, as is reasonable for the non-supersymmetric
















) and for m
pole
t
, which aect our
discussion only negligibly.
4
The denition of the weak angle used here diers slightly (in the lnm
t
terms) from the one used, e.g., in Ref. [17].




) (in comparison to [17]).
5






) error bars. The eect is numerically insignicant.
11
s.d. above the SM prediction with m
pole
t
= 160 GeV, and the discrepancy grows with m
t
. Thus, the
most signicant eect of supersymmetric particles on electroweak observables may be in R
b
and not via
universal corrections. However, only loops with a light Higgsino and a light scalar partner of a fermion
could rectify (in sign and magnitude) this discrepancy, and thus modify (2.9) signicantly (with the
exception of a very light CP odd Higgs boson and a large tan ) [42]. Such a scenario is again limited
to only small regions of the parameter space. Naively, the eects from R
b
and from  could work in
opposite directions. However, note that the former involves a light right-handed t-scalar while the latter
involves a light left-handed t-scalar.





malization group techniques (see below). It is, in general, safe to adopt that limit. However, in some
cases, and in particular for superpartner masses nearM
Z
=2, the limit may not apply. We will comment
more on that issue when discussing the eects of threshold corrections in chapter 3.
2.2.2 The Strong Coupling
The value of the strong coupling 
s
(or equivalently, the QCD scale parameter 
QCD
) is measured at a
wide range of scales varying from the  -lepton scale to the Z-pole. All measurements agree within a
 10% uncertainty (
s
is propagated between dierent scales using the QCD -function) and support





) = 0:119  0:005: (2.11)
Some low-energy measurements [e.g., in deep inelastic scattering (DIS) and quarkonium systems]




)  0:11  0:01, but which are still consistent with other measurements
within the uncertainty. The lower values are, in particular, in disagreement with Z-pole determinations
of 
s




), and the Z-width
 (Z). It is possible that the discrepancy is due to theoretical gaps is our interpretation of the QCD
data
6
. Nevertheless, it leaves room for speculation: If the superpartners of the gluons { the gluinos {
are light, i.e., near the allowed window of  1 GeV [44], then the QCD -function is modied and 
s
is
evolved more slowly between the gluino scale and the Z-pole. That \slow-down" would yield a better















, would induce a similar but a signicantly smaller eect { less
than a 1% correction to the 
s
extrapolation in comparison to the  10% light gluino eect. Some
comments, however, are in order. If the gluinos are light, then structure functions [46] and Z-pole





) range extracted from the various experiments from 0:112   0:130 to 0:124   0:136.









collider data below the Z-pole agree well with the \faster" standard
QCD -functions (using the Z-pole measurements as an initial condition). Furthermore, recent analyses




Q ! ll) [48] [partially motivated by the need
to explain the contradiction between the nearly identical values of 
s
(Q) extracted from J=	 and 
analysis and the strong renormalization group evolution between the two relevant scales] nd higher
values of 
s
than were previously reported. (Chiang et al. include nite-size corrections and Consoli
and Field assume an eective gluon mass [48].) On the other hand, the MSSM parameter space is
severely restricted in the light gluino scenarios [49].
6
Also, new physics aecting R
b
may diminish the values of 
s











). The average value 0:12 0:01 is our conservative estimate.









s < 62 GeV)
R

0:121  0:011 0:122  0:008
 (Z) 0:128  0:009 0:124  0:008
0:127  0:005
(Langacker)
LEP(jets) 0:121  0:008
0:123  0:009
(resummed QCD)
DIS 0:113  0:006 0:112  0:007





Universal average 0:119  0:005 0:118  0:006 0:12  0:01
Below, we will assume heavy gluinos in accordance with the Tevatron limits. However, our discussion
is mostly independent of that assumption. In Fig. 2.1 we present various determinations of 
s
taken
from Hinchlie [43]. The LEP Z-pole extractions are consistent with the recent results from the SLD





gluinos taken from the analysises of Blumlein and Botts [46] and
7
Ellis et al. [47], respectively. A
result of electroweak precision-data t to 
s
[37] and recent lattice QCD determinations based on
quarkonium spectra [51] (which agrees well with Ref. [48]) are also shown. In Table 2.1 we compare




) taken from Hinchlie [43], Altarelli [43], Langacker [37] and lattice QCD
analyses [51].
2.2.3 The b-quark Mass
The bmass is extracted from potential models to meson systems (where the mass parameter is identied




collider data using QCD sum rules [52]. Using the latter,




) = 4:25 0:10 GeV. The analysis




) = 4:14  0:28 GeV. The
revised uncertainty is roughly equivalent to the one from 
s
and non-perturbative ambiguities in the




from potential models is 4:7   5:3 GeV [55]. There is an additional scale ambiguity as





). In chapter 4 it is shown that the m
b
prediction in the minimal












) by a few percent when
integrating those elds out of the eective theory. This will not correct the Q  5 GeV data, but it
7




corrects the naive boundary condition Eq. (2.5). The correction is large ( 50%) for large tan where







, , and M
SUSY
the gluino mass, the Higgsino mass parameter,
and a typical scalar partner mass, respectively. Unless otherwise mentioned, we will exclude from our
discussion cases in which the corrections are not suppressed and assume that m
b
is relatively insensitive
to the new particle spectrum (and that potentially large corrections to the b! s branching ratio [53]
are avoided). We will comment more on that point in chapter 4.
2.2.4 New Data










= 174  16 GeV [56] (summing the quoted error bars in quadrature) and the SLD collaborations








 250 GeV [35]. The latter contradicts all other data. The SLD result is included in the global t
Eqs. (2.8) and (2.9). The eects from the left-right asymmetry and from R
b
, which are the most serious
discrepancies between SM predictions and the data, tend to partially cancel. For example, omitting the
















where again 60  m
h
0
 150 GeV (with a central value at M
Z
) was assumed.
It remains to to be seen whether either of these new results change when more data is available.
In particular, accounting for higher-order gluonic radiation in the hadronization codes used by CDF
could possibly diminish the value extracted for m
pole
t
[58]. New light supersymmetric particles could




b ! lb + missing energy
(where l is a charged lepton). (m
~
t
= 100 GeV and m

+
= 70 GeV was assumed for the t-scalar and
chargino mass, respectively. The light chargino aects R
b
only if it is Higgsino-like.) It is doubtful
that the discrepancy between the SLD result and all other data can be accounted for assuming light
supersymmetric particles.
Using (2.13) and (2.14) (or values quoted in earlier publications [17, 38, 21]) instead of (2.8) and
(2.9) could lead to slightly dierent numerical and graphic results. Our parametrization, analysis,






. The more relevant
eects are summarized in Appendix B. Also, in some cases the corrections can be read from our analytic
formulae.
2.3 Mass Bounds on the New Supersymmetric and Higgs Particle Spectrum
For convenience and easy reference, we list in Table 2.2 the current lower bounds on the supersymmetric
and Higgs particle masses. Our compilation is based on the Particle Data Group report [28] and on
a recent review by Tata [60]. LEP limits and future prospects regarding Higgs bosons are taken also
from Grivaz and from Sopczak [61]. We do not include lower and/or upper bounds extracted using
cosmological or astrophysical considerations (which are more speculative) nor do we include bounds
from indirect searches, e.g., from precision data parameters discussed above (the latter are relatively
weak).
8





) = 0:2315  0:0003 (0:2318  0:0003) and m
pole
t
= 165  9
(160 9) GeV when including (excluding) the SLD asymmetry measurement.
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Table 2.2: Lower mass bounds (in GeV) for the dierent Higgs and new supersymmetric particles. Also
listed are the mass ranges expected to be probed at the next generation of collider experiments: CERN
LEPII (for non-colored particles) and the Tevatron Main Injector (for colored particles).


















 20; 45; 70; 108
 45   47
 31   41
 45
85   90
~g  150 250   400
~q  150  270
~
t  45  120
In general, when deriving limits on new particle masses one often assumes that only certain branch-
ing ratios are important, and the limits derived may be too strong. On the other hand, theoretical
calculations also rely on certain assumptions and approximations, which lead to some error in the pre-
dictions (see discussion below). We give only rough estimates of the mass bounds. We ignore subtleties
regarding their derivation but comment on their model-independence and on possible caveats.
The light CP-even Higgs boson h
0













is not ruled out experimentally, in which
case the bound on m
h
0
is reduced to  44 GeV. The bounds in the non SM-like case depend on mixing







, and charged H
+
Higgs bosons are expected to be roughly degenerate and
heavier than M
Z
(see chapter 5). The neutralino 
0
mass bounds strongly depend on mixing angles
(e.g., on the strength of their coupling to the Z) as well as on the mass of exchanged particles (i.e.,
in t-channel processes) and can be violated. Also, 
0
is typically the lightest supersymmetric particle
(LSP) and bounds on its mass are determined from the missing energy signatures at the dierent collider
experiments (the  90 GeV LEPII range does not apply to the LSP). Bounds on the chargino 
+
and
scalar lepton (~, ~e, ~, ~ ) masses are extracted from the measurement of the total width  (Z), and also
from exclusive searches and from invisible and leptonic widths. The former, by itself, leads to the most
model-independent bounds slightly below the M
Z
=2 threshold.
The bound on the gluino ~g mass [62] includes cascade decays. However, it was argued that cascade
decays involving a light t-scalar
~
t would weaken the bound by as much as  30 GeV [63]. Also, very light
gluinos in the 1 GeV range may be allowed [44]. Bounds on scalar quarks extracted from the Tevatron
data assume mass degeneracy among ten (and not twelve) scalar quark avors. Indeed, one expects
signicant left-right mixing proportional to m
t
in the t-scalar (stop) sector. In fact, a similar situation
may occur in the b-scalar sector invalidating the above degeneracy assumption. Z-width extracted
model-independent bounds of  45 GeV apply also to the scalar quarks, and in particular to the stop
~
















could eectively decouple from the Z
(depending on the left-right mixing angle), in which case the Tristan lower bound of  28 GeV [64]
15






even that limit is further weakened.
In general, the new particle spectrum is calculated as a function of the model parameters using
renormalization-group techniques. For example, current working routines integrate over a set of coupled
one-loop renormalization-group equations. Hence, theoretical results have an intrinsic error of 5  15%
from higher-order terms. In addition, as we show below, slightly relaxing standard working assumptions
underlying most of the published analyses could also lead to a signicant uncertainty (the latter could be
viewed as Planck-scale higher-order corrections). One should therefore apply the limits listed cautiously
and conservatively.
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DIS + light gluino
LEP(jets)
LEP(3-jet) + light gluino
W + jets
J/Ψ, Υ
+ effective gluon mass
+ finite-range corrections
lattice




) from dierent experiments (marked by lled circles) taken from
Hinchlie along with their (conservative) nominal uncertainties (solid lines) and their universal average.
For comparison, two extractions assuming light gluinos are also shown (diamonds). For illustration
only (not included in the average), the lattice result from quarkonium analysis (triangle down) and
quarkonium results assuming an eective gluon mass and treating nite-range eects are also shown
(triangle up). For the latter (triangle up), we propagated the published results toM
Z
and included scale
uncertainties in the error bars (dotted lines). Error bars which most probably underestimate theory
uncertainties (including the DIS + gluino 0.001 quoted error bar which is too small to be seen) are
marked by dashed lines. The value suggested by a t to all precision electroweak data is shown and




) = 0:1290:010 is also shown (shaded area).
Chapter 3
Status and Implications of Coupling Constant Unication
3.1 Introduction
Implications of precision Z-pole, W mass, and neutral current data for the standard model were con-
sidered previously in Ref. [36]. Constraints on the top mass were derived, and the value of weak angle






), was extracted from the data. This was all summarized and relevant data
was updated in the previous chapter. In Ref. [36] it was further shown that within the supersymmetric
SU(5) grand unied theory (GUT) [7] { [9] the two-loop prediction [8] of the weak angle agrees well





) uncertainty] when extrapolated to high energy; and that the scale at which they meet is high
enough to prevent a too fast proton decay rate via vector boson exchange. On the other hand, when






, do not meet, and the
predicted proton decay rate is much too rapid. Similar observations were made by other groups [65].












for i = 1,
2, 3, respectively, and 
1




The above observations are true for a whole class of GUT's which break to the standard model group
in one step, and which predict a \grand desert" between the weak (low-) and the grand unication
(high-) scales (one-step GUT's). In particular, they hold for larger groups such as SO(10) and E
6
which have the same relative normalization of the G
i
generators, provided there are no additional
matter (super)multiplets that are split into light and heavy components. However, the SU(5) model
has the minimal gauge group and, in the simplest version, a minimal matter content, and is therefore
useful for illustration. One should note that high-scale thresholds can modify the predictions, and thus
in principle distinguish dierent one-step GUT's. If a \grand desert" indeed exists, and, furthermore,
supersymmetry is established and characterized at future colliders, we may eventually be able to use
coupling constant unication to probe the physics near the unication and Planck scales. (Other
potential probes are discussed in the following chapters.)
We dedicate most of this chapter to a more thorough discussion of one-step GUT's. Let us mention,
however, that one could also t the data to a model in which intermediate scales are introduced. In Ref.
[36] left-right models (derived from non-supersymmetric SO(10) GUT's) [2, 66] were considered, and it




GeV for the breaking of the right-handed
SU(2)
R
are consistent with the data. (The supersymmetric version of the model requires that M
R
is
close to the unication scale [36].) A more recent discussion of SO(10) models is given in Ref. [67].
Models involving ad hoc new matter multiplets split into light and superheavy components were also
considered [68]. Such models lose most of the predictive power of the ordinary or supersymmetric grand
desert theories, because either the intermediate scales or the quantum numbers of the new multiplets
are chosen to t the data. We do not discuss such possibilities any further.
17
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The better standing of the supersymmetric one-step GUT's compared to the ordinary ones has been
known for some time [69] { [71]. However, the much more precise coupling constant data from LEP [72]
has shown this more strongly and motivated a revived interest in GUT's. As we will show below, with
such precise inputs the predictions become sensitive to small correction terms (threshold corrections
and others) which are often ignored. Recently, detailed calculations of the supersymmetry (SUSY) new
particle (sparticle) spectrum were carried out: For example, see earlier analyses [73] { [75] and chapters
5 and 6 below. Also, constraints from proton decay via dimension-ve operators [74, 76] were again
considered. The possible equivalence of threshold corrections at the low- and high- scales was pointed
out in Ref. [77]
1
. A more careful consideration of the model predictions, and in a way that consistently
incorporates dierent correction terms that may be signicant { individually or cumulatively { is now
required.
Some of the possible correction terms were considered recently in Ref. [79, 80, 81]. In Ref. [81]
threshold corrections at the high-scale were discussed while the sparticle ones were treated naively. In
Ref. [79, 80] sparticle thresholds were discussed in detail and used to constrain the high-scale gaugino
mass parameter. The motivation and approach here are dierent. We will suggest below an alternative
way to treat the sparticle thresholds. We will elaborate on an observation of Ross and Roberts [73]
that a naive analysis, in which all sparticles and new Higgs particles are degenerate at a scale M
SUSY
[36, 65, 77, 78, 81], can be misleading, e.g., because the average mass of the colored sparticles may be
larger than that of the uncolored ones. We give a simple parametrization of the eects of an arbitrary
sparticle spectrum and show that an eective M
SUSY
can always be dened. However, for realistic
splittingsM
SUSY





even though the actual sparticle masses are much larger than M
Z
. We will also treat
the heavy t-quark threshold corrections and the m
t
contribution to the input parameter uncertainties
consistently, and will consider threshold and non-renormalizable operator (NRO) correction terms at the
high-scale. A convenient parametrization of the high-scale threshold corrections, that may be relevant











) [see (2.10)] treating m
t
dependencies as a threshold eect.
The ability of GUT's to predict s
2







in SU(5) and similar




















) leads to a large uncertainty in
the predictions, and the dierent input values assumed by various authors have led to some confusion.










consider both alternatives below, but concentrate on the latter in the following chapters.
In this chapter we discuss in detail the SU(5) grand unication of the standard model (with one
Higgs doublet) (SM), and of the minimal supersymmetric extension of the standard model (with two
Higgs doublets) (MSSM), Our analysis and discussion are based on and update the published results










), as an input. In section 3.3 we discuss in detail dierent correction terms that may aect
these predictions. We introduce three eective mass parameters that conveniently sum the threshold
corrections near M
Z
. In section 3.4 we collect our results and choose reasonable ranges for the dierent
1
Constraints from proton decay were ignored in Ref. [77], as discussed in Ref. [78]. Barbieri and Hall's conclusion in
Ref. [77] is, however, a qualitative one, and still holds. In both Ref. [77] and [78] the naive eective parameter M
SUSY




is allowed when sparticle mass splittings are included.
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where the central values are for m
t







. The rst uncertainty in











) error bars, and the other uncertainties in





, thresholds at the high-scale, and
NRO's at the high-scale, respectively. The uncertainties quoted here refer to our choice of ranges for
the dierent correction terms, and should be taken as such (i.e., as order of magnitude estimations





) error bar in (2.11) and to the corresponding uncertainty in (3.1). The combined theoretical
uncertainty is determined by an interplay among the dierent terms, most of which can have either
sign. [If the high-scale thresholds are not constrained as in the minimal model (see below), then none
of the uncertainties has a xed sign.] When added in quadrature, the above theoretical uncertainties














) is compared with the data in Fig. 2.1, where the SM prediction is not within the




) prediction with the data see Ref. [17].) The
extrapolated coupling constants are shown in Fig. 3.1. Corresponding predictions for the unication
scale and the coupling at that scale are given in section 3.4. In all cases, it is seen that the MSSM (but
not the SM) is in agreement with the prediction of unication
2
.




) is in good agreement with the value observed at the Z-pole, and the larger














) values suggested by low-energy experiments (or by R
b









140 GeV), or the introduction of





when constraints from proton decay are included. However, simple extensions, e.g., replacing R-parity
with baryon-parity [82], or the introduction of additional matter supermultiplets at the high-scale,




). We discuss the high-scale thresholds in more general terms in Appendix
C, where we introduce eective parameters, similar to those introduced for the sparticles in section 3.3.
Throughout this dissertation we display the various expressions in a transparent form, which enables
one to generalize our discussion and to use the results elsewhere. We summarize our conclusions for
this chapter in section 3.5.
3.2 One- and Two- Loop Predictions
When solving for the running of the couplings in any GUT scenario with no intermediate scale, we can
reduce the problem to one of a \grand desert" and account for all thresholds near the desert boundaries
by properly dening correction terms. If one uses a two-loop  function for the running, then one-loop




























is the grand unication scale (which serves as the high-scale boundary of
the desert), and 
G


















































 function coecients, case (a). The correction terms have the same form as the two-loop terms, except

i
is replaced by  
i



























































































































































are threshold and other corrections, which should be calculated to a precision consistent with
the 
i
. Our ignorance of their exact values suggests that they should be reasonably parametrized and
estimated within a given model, and then translated into theoretical uncertainties on any predictions.
This will be carried out in the following sections. We will also show that for reasonable masses for the
sparticles, the MSSM can be treated as a two-scale model with all mass eects included in the threshold
corrections.


















































) are the three low-scale (MS) parameters
dened previously, evaluated at the Z-pole. By taking linear combinations of (3.3) one obtains explicit
expressions for the two high-scale parameters t and 
G
, and for one low-scale parameter, in terms of
the other two, the  function one-loop coecients, and the two-loop and correction terms.


















where the one-loop expressions for 
G
and t are to be substituted
4












) { which we will refer
to as case (b) { in terms of (M
Z











Below we will also use Q and Q for the scale parameter.  is also used to denote the  parameter (in the MSSM
superpotential) while Q is also used to denote the top-bottom doublet supereld (or scalar eld).
4




, solving iteratively. The dierence between the two






















 function coecients, case (b). The correction terms have the same form as the two-loop terms, except

i
is replaced by  
i
.

































































































































































































that the t-quark and the Higgs particle contributions to the correction terms 
i
are dierent. For
the two models studied in this paper, the SM and the MSSM, the  functions can be found in Ref.
[70], where the dependence on the number of fermion families and Higgs doublets is explicitly given.




and D for the SM (MSSM) with our choice of three families and one
(two) Higgs doublet(s) in Table 3.3. Then, using Tables 3.1, 3.2 and 3.3 and the input parameters,
we can calculate the two-loop terms for each case. These are listed in Tables 3.4 and 3.5, where we
also compare the 
i
values calculated using the one-loop t and 
G
, and those calculated iteratively. For
dierent values of the low-scale input parameters the two-loop terms should be recalculated, though
for a small change the dierence is negligible (e.g., compare the values given here to those given in Ref.
[17]).
In Tables 3.6 and 3.7 we give the predictions corresponding to our central values of the input
parameters, but not including any correction terms. One can clearly see that the MSSM is consistent
5











). In Table 3.2 we give
the zero (one-loop) and rst (two-loop) order terms in the expansion. This gives  99:2% accuracy. We will include the






Table 3.4: Two-loop terms for the case (a) calculated using one loop values for the parameters (OL),
and iteratively (TL).
two-loop term SM MSSM
OL TL OL TL

1
0.22 0.21 0.67 0.69

2
0.29 0.28 1.09 1.13

3
 0:41  0:40 0.56 0.58
Table 3.5: Two-loop terms for the case (b) calculated using one loop values for the parameters (OL),
and iteratively (TL).
two-loop term SM MSSM
OL TL OL TL

1
0.16 0.16 0.65 0.72

2
0.21 0.21 1.06 1.18

3
 0:28  0:28 0.55 0.61
with these values (see also Figs. 2.1 and 3.1). Cases (a) and (b) in the MSSM are consistent with each
other at the two-loop order. Also the prediction of t in that model is large enough to prevent an observed













 6  10
381
yr, much larger than the experimental lower limit [88] of 10
33
yr.
In the SM the inconsistency between cases (a) and (b) implies that SM unication is inconsistent with
the present values of the input parameters. Also, the SM prediction of t is inconsistent with proton
decay limits
6

















The above failures of the SM cannot be resolved by adding either more light Higgs doublets or
additional fermion families. As is well known, additional fermion families represent complete GUT
multiplets which aect all the b
i









) and t predictions are only
modied at the two-loop level. (
G
is aected at one-loop.) On the other hand, extra Higgs families
are part of partial GUT multiplets which aect the predictions at one-loop. When adding n
H
Higgs





) prediction increases, but t decreases, increasing the proton decay rate.
For n
H
= 6 one has M
G




 6  10
26







, but eventually the expression for 
s
in Table 3.2 changes sign (which indicates a non-perturbative
value of 
s















). For completeness we display the changes in the predictions for additional
fermion family and Higgs (super)multiplets in Tables 3.8 and 3.9.









as a function of the unication scale [89]. [The
6


























rate is suppressed by M
 4
G
but is slightly enhanced by a factor of











) in case (a). (Input parameters are indicated
by brackets. No correction terms are included.)
SM MSSM
one-loop two-loop one-loop two-loop



























) in case (b). (Input parameters are indicated
by brackets. No correction terms are included.) The near equality of cases (a) and (b) for the MSSM
is a reection of the success of the coupling constant unication.
SM MSSM
one-loop two-loop one-loop two-loop




















) 0.071 0.073 0.115 0.129
Table 3.8: The two-loop predictions of the SM and MSSM in case (a) for F = 1 additional fermion
family and n
H
= 1 or 2 additional light Higgs (super)multiplets. (Input parameters are indicated by
brackets. No correction terms are included.)
SM MSSM
F = 1 n
H
= 1 F = 1 n
H
= 2






















Table 3.9: The two-loop predictions of the SM and MSSM in case (b) for F = 1 additional fermion
family and n
H
= 1 or 2 additional light Higgs (super)multiplets. (Input parameters are indicated by
brackets. No correction terms are included.)
SM MSSM
F = 1 n
H
= 1 F = 1 n
H
= 2




















) 0.073 0.078 0.132 Non-perturbative
only low-energy input used is that of (M
Z
).] The prediction of the former two is compared with




















(see also Antoniadis et al. [68]). In general, lower values











This, of course, can be rectied using large threshold corrections. Threshold corrections are discussed
next (sections 3.3 and 3.4).
3.3 The Correction Terms: A Formal Discussion

































































results from the need to use the dimensional-reduction (DR) scheme in the

















For consistency we will use DR also in the SM case, though this is not required. 
G
is then given in its
DR denition.
The second term sums over the one-loop threshold corrections [84]. b

i
is the (decoupled) contribution










number which depends on the spin J


















= 0 [84]. These are to be used at the low-
scale boundary, while at the other boundary (using dimensional-reduction
8
) we have C
J
DR
 0 [26]. (If
one converts 
G
back to its MS denition, then the sum of the two conversion terms reproduces the
MS mass-independent term.)
The summation in (3.8) can account for a particle threshold as long as two-loop terms between this












)j  2: (3.11)
This allows a split of more than 3 orders of magnitude for all relevant cases. Thus (3.8) can correctly
account for a reasonable sparticle spectrum.
At the low-scale boundary we have to consider the top, Higgs, and sparticle thresholds. The SU(2)
L




, questioning the validity of accounting
for the top in the above threshold summation. Furthermore, the values of the input parameters and m
t
are correlated in a complicated way. Similar considerations apply to the SM Higgs. We therefore omit
these two thresholds from the summation and discuss them separately below. In the MSSM we assume





) and a heavy decoupled doublet, which is included with the sparticles.
Using tree-level sum rules (see Inoue et al. [91]) one can show that in such a limit SU(2)
L
breaking
is negligible in the Higgs sector. (This conclusion is still valid when radiative corrections to the Higgs
masses [92, 93] are considered.) We will further assume a good symmetry in the sparticle sector [i.e.,
SU(2)
L







{ section 2.2.1 { and are negligible for our purposes].
In the SM we can then omit the low-scale boundary from the summation in (3.8), while in the MSSM
we are left with the sparticles and the heavy Higgs doublet. The sparticle and Higgs masses can be






; the Higgs mixing parameter 
mixing
; a universal trilinear coupling A
0
; and the top
Yukawa coupling h
t
(we omit all other Yukawa couplings) { by solving a set of coupled renormalization
group equations (RGE's), e.g., see Ref. [94]
9
and chapters 5 and 6. Other mass parameters, like the
universal bilinear coupling B
0
, are related to the parameters above by boundary conditions and the
constraint setting the weak breaking scale [91]. One can then solve the one-loop RGE's for a given
set of parameters, and predict a specic sparticle spectrum [73] { [75] (see also chapters 5 and 6).
Substituting in (3.8) gives the desired correction. However, this is a lengthy and not very enlightening
procedure for our purpose of estimating small correction terms. We use instead a parametrization in

























) for i = 1; 2; 3; (3.12)
where the summation is over the sparticles and the heavy Higgs doublet. The low-scale sparticle spec-
trum can be crudely parametrized in terms of the high-scale parameters
10
(with a reasonable assumption
7








When using dimensional-reduction the loop integrals are analytically continued away from d = 4 (as for dimensional-





Therefore, no constants arise when taking the limit d! 4 [26].
9
Our notation follows that of Ref. [94], aside from self-explanatory subscripts. The subscript mixing is sometimes
omitted below.
10
In the limit h
t
! 0 this parametrization can be made exact.
26
Table 3.10: The MSSM low-energy parameters calculated for the spectra of Ross and Roberts. An
SU(2)
L
doublet is identied with its heavier member. (Masses are in GeV).
















140 190 190 0 0 160 261 207 352
230 120  120 0 0 100 282 245 527
about the Higgs mass) [9, 94, 79], in order to learn about the relationship between the high-scale pa-
rameters and M
i

































. The parameters can be split by a factor of a few.









. We have also calculated M
i
for the realistic spectra
12
given in Ref. [73] (see Table 3.10).
The parameters M
i
can be calculated exactly in any other model using (3.12), and once calculated, all
correction terms are given below.









the proper normalization of 
1
) in the desert, and has been independent of the GUT gauge group. The
high-scale corrections do depend on the group. For deniteness we rst assume that this is SU(5), for
both the SM and the MSSM. A minimal choice of massive (super)multiplets at the high-scale is then
(listing S quantum numbers) (3; 2;
5
6
) c:c: massive vector (super)multiplets
13
; (8; 1; 0); (1; 3; 0); (1; 1; 0)











for the vector, real-Higgs (Majorana), and complex-Higgs (Dirac) (super)multiplet
thresholds, respectively, and we assume mass degeneracy within each of these (super)multiplet classes.









SU(5) is complete above M
G














in the MSSM. Though we shall not impose this (allowing other solutions to
the proton decay problem [82]), one has to bear in mind the possible need to carefully adjust M
5
in the
MSSM, and the general dependence between these parameters, determined by the details of the Higgs
sector Lagrangian.
11



















of Ref. [73] dier slightly from ours due to dierent values of input parameters and a dierent calcula-









) < 0:118 and a ne-tuning constraint were imposed, and
m
t
was assigned so the constraint setting the weak breaking scale is satised. However, constraints on the spectrum
parameters derived from proton decay limits [74, 76] were not considered. (The proton decay and ne-tuning constraints
do not agree.) We use the spectra given in Ref. [73] for illustration only, and ignore minor inconsistencies. When small
SU (2)
L
breaking occurs, we identify a doublet threshold with that of the heavier member. Our results and conclusions
do not depend on any specic choice of spectrum.
13
Supermultiplets are dened as in Ref. [70]. A massive vector supermultiplet consists of a real massive vector, a Dirac
spinor, and a real scalar. A Dirac (Majorana or chiral) supermultiplet consists of a Dirac (Majorana or Weyl) spinor and
two (one) complex scalars.
27
We now discuss the heavy top threshold. We must consider both the eect on the running and on the
experimental determination of the couplings atM
Z






































are the top contributions to the relevant one-loop  function slope. The rst of
these corrections is equivalent to the slightly nonstandard (M
Z
) denition of Ref. [27], which we use.
Thus, for our central value of m
t
pole
= 160 GeV, our value of (M
Z
) already includes the top threshold
correction, and we need to further correct (M
Z













































) denition of Ref. [25]. How-




) extracted from the data depends both quadratically and logarithmi-
cally on m
t








































































































































































. We therefore neglect possible contributions to 
i



























) = 0:2316 rather than the one-loop











) input value via the rst terms in (3.16) and (3.17), but in practice the eect
is negligible. As a matter of fact, all the logarithmic contributions to 
top
i
(and not just the ones which
14





















. Including only two-loop

s




Note that one can easily generalize (3.15) to include non-logarithmic sparticle eects by writing, following the notation
of Drees et al. [40], (1 + )s
2
(1 + )[1  s
2






Table 3.11: The corrections to the predictions in the MSSM due to dierent values of the top Yukawa
coupling, h
t
, at the unication point. tan  is calculated using m
pole
t
= 160 GeV, and is not required to
obey any limits. h
fixed
t
 1:1 and tan
>

1:2. (The corrections are denoted by H, with self-explanatory
subscripts.)



























0:400 0:903 3:6  0:00012 +0:003 +0:06  0:0004  0:002 +0:08
0:600 1:015 1:7  0:00019 +0:004 +0:09  0:0006  0:003 +0:12
0:800 1:067 1:4  0:00024 +0:005 +0:12  0:0008  0:004 +0:16
1:000 1:095 1:31  0:00029 +0:006 +0:15  0:0010  0:004 +0:19
1:200 1:111 1:26  0:00033 +0:007 +0:17  0:0012  0:005 +0:22
1:400 1:122 1:23  0:00037 +0:008 +0:18  0:0013  0:005 +0:25





) are negligible in comparison to the quadratic ones, and will be omitted later. The
dierent contributions to 
top
i
are the same in the SM and the MSSM.
Another issue that is related to the heavy top is the contribution of the top Yukawa coupling, h
t
, to
the two-loop  function [87] [95] { [97]. If h
t
 1, we need to re-introduce the relevant term (that was









































can be calculated using, for example, Refs. [87, 96] and are of the order of magnitude of








; 2 for i = 1, 2, 3, respectively [87, 95]. In the MSSM there are (to this






; 6; 4 for i = 1, 2, 3. h
t
is running and is coupled to 
i








at the unication point, and of the unication point parameter t,
and have to be calculated numerically.
Let us consider only the MSSM where the eect is relevant. A heavy top can also imply a large











= tan  where tan  is the ratio of the vacuum




[98]. We will consider h
b
only in the next chapter. We calculate the Yukawa correction by solving

















Instead of the full two-loop numerical calculation one could use an approximation in which h
t
is





















 0:17, 0:20, 0:13, for i = 1, 2, 3, respectively. One can see from Table 3.11 that taking
h
t
 1  h
fixed
is a reasonable approximation (h
fixed
is the xed point of the one-loop top Yukawa
RGE [99, 94, 97, 100]).
29
Table 3.12: The dierent correction terms 
i























































































Lastly, we consider contributions from non-renormalizable operators at the high-scale, which may




 1:22  10
19













where  is a dimensionless parameter and F

is the eld strength tensor. In the SU(5) model 
is the 24 real-Higgs (Majorana super)multiplet. (Contributions from higher-dimension operators are
suppressed by powers of M
 1
planck
.) When  acquires an expectation value the eect is to renormalize
the gauge elds, which can be absorbed into a redenition of the couplings. It is shown in Refs.
[101, 102] that the running couplings at M
G










































; 1 for i =1, 2, 3, respectively. We treat these operators
























. (3.23) is valid in the
MSSM as well [101], and dierent normalizations
16









depend on the input parameters through t and 
G
. We use the full
two-loop values for t and 
G
when estimating these correction terms (consistent with solving for 
i
iteratively). At the price of a minor technical inconsistency, we always use the two-loop values of t and

G
given in Table 3.6.
The dierent contributions to 
i
, in the SM and the MSSM, are listed in Tables 3.12 and 3.13.
From Table 3.13 we learn that dierent contributions to 
i
in the MSSM are a-priori comparable, and
a comparision with Table 3.12 suggests that they are more signicant, by number and magnitude, than
in the SM. These points were stressed recently in Ref. [77].



































) in the MSSM, which are the main




terms are included in the functions 
i
, which are normalized such that the conversion term is unity.
16
In the MSSM  ! =4 because of the dierent customary normalization of the SU (5) generators and because the
adjoint eld is complex in the supersymmetric SU (5) model.
30
Table 3.13: The dierent correction terms 
i











































































































































; corresponding to h
t
= 1 at the unication point and the range



















































































































































































































































































































The third term in (3.24), and the second terms in (3.25), (3.26) and (3.27) are two-loop terms. These,






, and the functions H, depend weakly on the values of input parameters used. All
the other expressions can be similarly constructed. Implications of these results are considered in the
following section, where we also estimate the values of the correction terms and their uncertainties (see
Table 3.14).
3.4 The Correction Terms in The MSSM
We are now equipped to discuss the correction terms in the MSSM (where their contribution is signif-



































) predictions can always
be parametrized in terms of the (same) parameterM
SUSY





have dierent dependences on theM
i
. It is important to note that the coecient on the r:h:s: of (3.37)









. However, this limit is inconsistent with universal boundary
conditions for the soft parameters. Even when relaxing the universality assumption, one can obtain
this limit only by carefully adjusting the soft parameters. This is because the strong renormalization
of the gluino mass that renders the colored masses larger than the non-colored ones, and because of
the large h
t
coupling that renormalize only a small number of masses (see chapter 6). Also, the -
parameter, which aects only the Higgs boson and Higgsino masses, plays an important role in (3.37).








mentioned above, the l:h:s: of (3.37) (and therefore 
1
) can
grow signicantly, and M
SUSY
can then be large. However, excluding such a case (that does not
occur in realistic models) implies that M
SUSY
 1 TeV can be achieved only by some adjustment of
18
Our denition is not to be confused with that of Amaldi et al. [68]. There, M
SUSY
is the smaller of a common mass
of the strongly interacting sparticles and of the nonstrongly interacting ones. It is determined by means of a best t.
Note, however, that A
SUSY
dened in [19] and T
SUSY




the parameters. It is not enough to have large M
i







 1 TeV, M
3
 2 TeV) correspond to M
SUSY
 130 GeV and (M
1





 1 TeV) correspond to M
SUSY
 495 GeV. On the other hand, a small M
SUSY
does not
imply a low spectrum. For example, (M
1
 550 GeV, M
2
 540 GeV, M
3
















large positive contribution to 
1
). For example, for the two spectra of Ref. [73] given in Table 3.10 we
have M
SUSY
 32 GeV and 21 GeV, respectively. Thus, M
SUSY
does not teach one about the actual




< 1 TeV does not represent the possible
sparticle spectra properly, as was emphasized in Ref. [73]. In Figs. 3.3, 3.4 and 3.5 we show M
SUSY






), respectively, calculated numerically for a random ensemble
of 1500 MSSM models (with m
pole
t





300 GeV and that M
SUSY





, as is suggested by proton decay constraints, the high-scale threshold contribution to

1
is always positive. This was emphasized recently in Ref. [79]. If one combines the two observations,
a positive 
1










) are already slightly higher than the central input values of these parameters. (It could even




) value is determined to be near the lower end of the 0:120 0:010
range, as was also emphasized in Ref. [79].) Requiring a negative 
1
  1 can then severely constrain
the spectrum parameters. However, until the M
i
are known in detail it is not clear to us that there is
really a problem, and at the present time we do not nd much point in elaborating on the 
1
  1 sign.















are more accurately known. The discussion above stresses once again a major weakness of the
MSSM { proton decay via dimension-ve operators. If M
G
is not strongly constrained, 
1
  1 can be
made negative without any constraints on the sparticle spectrum. This is the situation in a simple
extension of the MSSM in which the discrete Z
2
R-parity is replaced by a discrete Z
3
baryon-parity,
and the dimension-ve operators that are responsible for the proton decay are forbidden [82]. (Though
the phenomenology of such a model is very dierent, it does not directly aect the discussion in this
paper.) Similarly, superstring-derived models which are not true GUT's may not have any problems
with proton decay. Finally, more (split) (super)multiplets at the high-scale boundary, within SU(5) or
in a model with a larger GUT gauge group, can change the above situation as well. We discuss such a
possibility in Appendix C.


















by proton decay (which impliesM
SUSY





It is interesting to note that ifM
24
is two or three orders of magnitude below M
G
then one can increase
M
G
up to  5  10
17





needs to postulate a large and negative .














are inconsistent with realistic supergravity models and are excluded (and proton






In Ref. [17] we also considered m
pole
t


















to be smaller than a few timesM
V
(and proton decay may further constrain M
5
).




negligible for jj < 1.
 147 GeV  m
t
 173 GeV from precision electroweak data.









and to t(; s
2
0























.] We also display in
each gure the two-loop correction, and the corresponding input error bar.
The observations made above become clear if we examine once again the spectra given in Ref.










contributions are comparable and in the second case come with opposite signs (which explains the small



















(though the value used in Ref. [73] is not allowed by more recent data),
and a M
5












is further illustrated in Fig. 3.8, where the eect of large Yukawa couplings can also
be seen.

























) is to be compared with the
value in (2.10), for which m
t
does not contribute to the error bar.] For our choices of values for the





) comparable with the one








) case comparable with its error bar. They may









GeV where dierent corrections were added in quadrature. This is well above the limit ( 10
15
GeV)
from proton decay via vector boson exchange [88]. Let us emphasize again that though we arbitrarily
chose the dierent correction parameter values, our choices serve as reasonable order of magnitude
estimations.
3.5 Conclusions
In this section we considered various correction terms. We introduced the eective parameters M
i
(which sum the low-scale threshold corrections), realized the naive parameter M
SUSY
in terms of the
M
i
, and pointed out that M
SUSY
can dier signicantly from the actual sparticle masses. We also
introduced a more explicit set of high-scale parameters when we considered the minimal SU(5) model,





introduced in Appendix C) can be used to conveniently compare threshold correction terms
in dierent models.
The central predictions of the MSSM are slightly high, but lie within the experimental error bars.









prediction, while low-energy determinations favor a negative correction. However, we showed that
the magnitude and sign of the corrections to the two-loop predictions are determined by an interplay
among various comparable terms. Of these terms, only one has a xed sign: the contribution from the
34




















the MSSM and to their theoretical uncertainties. The ranges of the parameters and the corresponding
uncertainties serve as an order of magnitude estimate only, and in some cases are chosen to be smaller





















input value 0:2316 0:120    
error bar 0:0003 0:010    
one-loop prediction 0:2304 0:115 5:24 24:38
two-loop correction +0:0031 +0:014 +0:08  1:26
Yukawa correction (H)  0:0003  0:001  0:004 +0:19































 0:0014  0:005  0:08 +1:27
m
t
= 173 GeV +0:0004 +0:001 +0:01  0:06
m
t
























 0:0005  0:002  0:01 +0:01
 = 5 0:0016 0:006 0:025 0:23
35
high-scale thresholds in the minimal SUSY-SU(5) model is positive when proton decay constraints are
imposed. We pointed out that once simple extensions are considered, i.e., more heavy supermultiplets
or replacing R-parity with baryon-parity, the above sign is no longer xed. The sparticle contribution
can be either positive (as for the two spectra of Ref. [73]) or negative, and so are the contributions from
m
t
and NRO's. Therefore we concluded that elaboration on the sign of any of these correction terms
cannot be well justied at the present.
The MSSM then agrees well with experiment, and a theoretical uncertainty of  +0:0025   0:0022









)] prediction of the model. This is not the
case when the SM is considered. Neither perturbative correction terms nor additional Higgs doublets
can reverse the failure of coupling constant unication in this model. For example, the equivalent
theoretical uncertainties in the SM are roughly  0:0007 and  0:001, respectively. The correction
terms discussed, though negligible in the SM, may play an important role in the MSSM once more
precise data is available.





correlation explicitly. The advantage of






































1, for which we obtain H

s
  0:001 (and H

s































































(middle curve) and 
3
(upper curve) as









and assuming the SM and the MSSM. The uncertainty
in 
s
is also shown. The boundary conditions at M
Z
are given in section 2.2.
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Figure 3.2: The Z-pole weak angle and strong coupling and the coupling at the unication scale are




corresponds to a xed choice




= 0:2359 corresponds to M = 10
16
GeV. MSSM -functions are assumed. Two-loop
Yukawa corrections are taken into account assuming 174 GeV for the t-quark pole mass and tan  = 5.
The one s.d. ranges from experiment for the weak angle and for the strong coupling are indicated.
For comparison, the string relation between the string (or unication) scale and coupling is also shown
(dashed line).
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as a function of m
0
. The dierent universal soft parameters and tan  are picked at
random in the allowed parameter space. m
pole
t
= 160 GeV. (All masses are in GeV.)
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as a function of M
1=2
. The dierent universal soft parameters and tan  are picked
at random in the allowed parameter space. m
pole
t
= 160 GeV. (All masses are in GeV.)
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as a function of the  parameter. The dierent universal soft parameters and tan 
are picked at random in the allowed parameter space. m
pole
t
= 160 GeV. (All masses are in GeV.)
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Figure 3.6: Contributions of individual correction terms { the SUSY eective mass parameters M
i
(a);














line) are given for comparison.
43
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Figure 3.7: Contributions of individual correction terms { the SUSY eective mass parameters M
i
(a); the heavy thresholds at the high scale (b); the top (c); and NRO's at the high scale (d) { to the
prediction of the scale parameter t. The two-loop contribution to t (dotted line) is given for comparison.
45





































(in GeV) is indicated on the right-hand-side above the relevant line.
Chapter 4
b- Yukawa Unication and the Bottom Mass Prediction
4.1 Introduction
Recent LEP [72] and other precision electroweak data was shown in the previous chapter to be consistent
with coupling constant unication within the minimal supersymmetric extension of the standard model
(MSSM), in which the standard model (SM) matter is minimally extended, i.e., the Higgs sector contains
one pair of Higgs doublets and there is a grand desert (up to small perturbations) between the weak
(low) and unication (high) scales. It was further shown that corrections associated with the t-quark
and Higgs scalar thresholds, sparticle spectrum, Yukawa couplings, a possible embedding of the MSSM
in a grand unied theory (GUT), and nonrenormalizable eects, as well as constraints from proton
decay non-observation, introduce theoretical uncertainties but do not alter the successful unication;




)  0:129  0:010 agrees well with the observed value. [The 0:010 is a
sum (in quadrature) of the dierent theoretical uncertainties estimated using reasonable ranges for the
various parameters.] This theoretical uncertainty is suciently large that few meaningful constraints




) prediction by itself. (Similar conclusions were reached by Barbieri,
Hall and Sarid [77, 104].)
If, indeed, coupling constant unication is a hint for a supersymmetric (SUSY) GUT, then a next
step is to study the predicted relationships among fermion masses in such theories [16], in a way
that consistently incorporates the dierent theoretical uncertainties listed above. (The nature of the
theoretical corrections, and in particular the presence of adjoint and higher-dimensional representations,
also distinguishes such models from many string-inspired ones.) Let us assume in the following (in
addition to the MSSM) that we have (i) Coupling constant unication, and (ii) Third-family two-
Yukawa unication. That is, at the unication point M
G
(the point above which all the GUT gauge








), as is the case [16] in a minimal SU(5)












Assumption (ii) can be incorporated into more ambitious attempts [105] to explain the origin of all
fermion masses. Such models, which assume extended high-scale structures (\textures"), were shown
recently [106] { [111] [98] to have successful predictions as well as possible implications for neutrino
masses. However, limiting our analysis to assumptions (i) and (ii), we neglect hereafter the Yukawa




















; the latter would
be implied by extending assumption (ii) to the rst two families and their negligibly small Yukawa
couplings] and also avor mixings. The usual argument goes that some perturbation modies the
1
This holds in models such as SU (5), SO(10) and E
6




couplings or masses of the rst two families
2
without signicantly altering (ii). We do not elaborate on













), which is the situation in some SO(10) models involving a single complex Higgs
10-plet. We will consider such a possibility as well.
Let us stress that we do not take (ii) to be independent of (i). The coupling constant unication
assumption by itself is not enough to signicantly constrain the MSSM parameter space. Here, we
examine whether more can be said when imposing (ii) as an additional assumption that can possibly
distinguish GUT models from some GUT-like string-inspired models [where (ii) is not expected to hold
in general]. Assumption (ii) was considered recently by several groups. Some [113], either (a) carried








)  0:11, which is lower than the value
expected from coupling constant unication] as an input, (c) ignored the correlation between m
t
and




), and/or (d) allowed the running b-quark mass, m
b
, to be as high as 5
GeV (which is a more appropriate upper bound on the pole mass). More recent results of two-loop









) will result in some useful constraints on the MSSM parameters, assuming
a minimal SU(5)-type unication.
Below, we carry out a careful analysis under the above assumptions and consider various theoretical








and of tan  in the range of  0:12  0:13 (see Fig. 3.8), constrains the tan range allowed by (ii)
more severely than suggested by previous analyses. On the other hand, various theoretical uncertainties







correlations were taken into account). Some information about the low-scale mass parameters can be
extracted. However, corrections associated with the high-scale contribute signicantly to the theoretical
uncertainties and weaken any constraints. The only spectrum parameter that is strongly constrained is
tan . In agreement with other authors, we nd low- ( 0:6   3) and high- ( 40   58) tan  allowed
regions (branches). The former saturates the h
t





correlation modies the xed-point value for h
t
and diminishes the dependence of the





215 GeV. Theoretical uncertainties (and in particular, those associated
with the high-scale) determine the width of each branch and, thus, the separation between the two
branches. The allowed parameter space is shown in Fig. 4.1
We elaborate on our treatment of the b-quark mass m
b
(see also section 2.2.3) and on the procedure
in section 4.2. The constraints on the m
pole
t
  tan  plane and the role of the strong coupling are
presented and discussed in section 4.3. The dierent correction terms are described and evaluated
in greater detail in section 4.4. We summarize our conclusions in section 4.5. The numerical results












= 143 GeV in Fig. 4.1). However, due to
our choice of parametrization, e.g., Eq. (2.7) the dierence is negligible. Below we will consider the
range 100  m
pole
t
 200 GeV rather than the range suggested in section 2.2. This would prove more










range, all other input data is as described in section 2.2.
2
In the texture models mentioned above, such a mechanism is realized by introducing large Higgs representations [e.g.,
45 of SU (5) or 126 and 210 of SO(10)] and (in most cases) a set of avor symmetries. For a dierent possibility involving
nonrenormalizable operators, see Ref. [112].
48
4.2 The b-quark Mass II
The situation regarding the b-quark mass is somewhat complicated and was briey described in section
2.2.3. There are ambiguities in the extraction of the MS running mass m
b
. Gasser and Leutwyler [52]
point out that there is no universal prescription for the relevant scale where 
s
is to be evaluated, which
suggests that the extraction of m
b
is to be carried out case by case, or alternatively, for a range of 
s
.
(We will adopt the latter.) Gasser and Leutwyler identify (to leading order in 
s





) with the euclidean mass parameter. (See also [53].) This point was emphasized by Narison, who





) [54]. The dierent denitions introduce a scale ambiguity.
Another theoretical diculty may arise from the role of nonperturbative eects in the interpretation of
potential models
3
[52]. The next-to-leading correction to the ratio of the MS running mass to the pole





















[and was also used in (2.5)]. The above comments call for some caution, especially given our aim of
exploring the strongly constrained m
pole
t
  tan  plane. Let us then adopt a conservative attitude, i.e.,
m
b
(5GeV)  4:45 GeV; (4.2)
which corresponds, for example, to m
pole
b
 5 GeV, 
s
 0:17, and using (4.1). The next-to-leading



















 4:2 GeV when neglecting the next-to-leading term, and m
b
 3:8
GeV when using (4.1). The m
b
prediction, on the other hand, lies (in general) above 4 GeV. Given the
above, we do not specify a lower bound equivalent to (4.2). Also, requiring m
b
(4:45GeV)  4:45 GeV




) = 4:25  0:20 GeV [52], where we have doubled the uncertainty) is
























), for a denite point in the m
pole
t










) correction in (2.6) (and via the 
3
contribution








we neglect again all subleading logarithmic dependencies on m
pole
t
including small corrections to (2.6).









) as functions of m
pole
t
and tan . We constrain tan  only by requiring the Yukawa couplings
to stay perturbative, i.e., h

() < 3 where M
Z
<  < M
G
and  = t; b;  . (This range can be also
justied by requiring two-loop contributions to the RGE's to be less than a quarter of the one-loop ones







prediction is that of m
b
, but without (theoretical) corrections to the RG calculation. (The
numerical procedures are further described in Appendix A.)
In any realization of the MSSM, there are small perturbations (order of magnitude of two-loop terms)













. Let us stress that in our formulation one does not change the MSSM -functions to those
of the SM at m
t
or at some other eective scale. Rather, leading m
pole
t
eects are accounted for in
3
The constituent mass parameter in these models is identied with the pole mass.
4
i.e., case (b) in the notation of the previous chapter.
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(2.8), and all other such eects determine 
 1
. A point in the m
pole
t


























(5GeV) > 4:45GeV: (4.3)
Incorporating uncertainties associated with m
pole
t
and Yukawa couplings (in addition to the DR
conversion step functions) in the numerical procedure
5
we have to further consider uncertainties associ-
ated with the sparticle and Higgs thresholds, high-scale thresholds, and Planck-scale nonrenormalizable




) Higgs doublet that




) SM-like doublet that is responsible for
all fermion masses
6
. We are able to obtain an (approximate) analytic expression for 
 1
by expanding
one-loop expressions around their unperturbed values. This will be carried out in section 4.4, where
we study the dierent contributions to 
 1
in GUT models, and estimate 
 1
in the minimal SU(5)
model. High-scale corrections to the coupling constant unication (and not the details of the sparticle
spectrum) constitute the larger uncertainty. We take

 1
= 1:00  0:15; (4.4)
which is a conservative estimate derived for reasonable ranges of the various correction parameters.











Given the above, we nd that assumptions (i) and (ii) allow a low-tan  branch and a high-tan  branch.
The allowed parameter space is shown in Fig. 4.1 and is shown again
7




GeV. The latter will prove useful when discussing tan  lower bound, and xed 
s
calculations. The
narrow strip corresponding to three-Yukawa unication is also indicated in the gures. The low-tan 
branch is shown in greater detail in Fig. 4.3, where the lines corresponding to 
 1





are displayed for comparison. The former is, in fact, the h
t












()  1 for  < M
G
{ see Fig. 4.4. This point was also
discussed recently in Ref. [98, 103]. 
 1
6= 1 only slightly extends the allowed low-tan  range. It is also
interesting to note that constraints from proton decay via dimension-ve operators would exclude the
high-tan  branch for 
 1
 1 (i.e., tan 
<

4:7 [74]). However, once correction terms are included,M
G
can grow signicantly [76, 17, 104] and no useful constraints on tan  can be derived from proton decay




(4:45GeV) > 4:45 GeV. The allowed tan range is reduced by  0:03  0:10 for the







GeV would have a similar but opposite eect (i.e., slightly decreasing the separation between the two
branches). A smaller (larger) uncertainty in (4.4) will have an eect similar to the former (latter).
The 
 1
-range estimate (and the m
b
upper bound) determine the width of each branch, and thus the
excluded intermediate tan  range. Perturbative consistency (i.e., the divergence lines discussed above)
5









, are all directly incorporated in the calculation.
6




The two gures use slightly dierent data.
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215  10 GeV, where the 10 GeV uncertainty is due to 
top
(see the next section).
The h
t
-divergence line eventually becomes approximately parallel to the tan -axis (and determines

















line.) Otherwise, Yukawa unication at the grand






40. Furthermore, the low-tan branch, where h
t
 1 and
which many would consider a more natural choice, saturates the xed-point line and has to be adjusted
to a few parts in a hundred (a few parts in a thousand, if 
 1
= 1) for a given m
pole
t
(see Fig. 4.3). In
fact, one can approximate (for that branch) [20]









where x  [(m
t
  140GeV)=(140GeV)] and 




















180 GeV.) The large-tan 








can still be large



























160 GeV, is allowed when one




ratio, which induce a  5% theoretical uncertainty. (We comment
more on this point in section 4.4.) One expects mutual implications between the above observations and
radiative-breaking of SU(2) 





see chapter 6). We discuss these issues in chapters 5 and 6.
It is worth noting that there is a caveat in the above arguments: Finite-loop corrections proportional




) (where here M
SUSY
is a typical superpartner
mass scale) [53]. In Fig. 4.6 we show typical values of the corrections (for m
pole
t
= 174 GeV). There are
negligible for tan 
<






20. However, for large tan  one can
adjust the O(1) TeV masses in order to x the desired O(1) GeV correction to m
b
such that nite-loop














60 is allowed. Hereafter, we assume that those corrections are suppressed.
To demonstrate the eect of calculating m
b




) rather than a xed input


































stress that the dierent corrections are not treated on equal footing in this case, because some are
included in 
 1















) is preferred by m
b




) = 0:11 (Fig. 4.7) is much




) = 0:13 (Fig. 4.9). For a lower value of 
s
the radiative corrections that
reduce h
b

















) = 0:11 requires large corrections to the coupling constant unication.
The above discussion also explains the slight dierences between our results and those of previous























)  0:13 for m
pole
t
 180 GeV (see Fig. 3.8). Indeed, Fig. 4.2
8
The statement in Ref. [115] regarding an upper bound on m
pole
t
ignores other threshold eects.
51

















). These all aect the balance between positive









4.4 The Correction Terms
We now turn to a detailed discussion of the correction parameter, 
 1
. The coupling constant two-loop
RGE's are solvable analytically, and it is convenient to write
9

































is the coupling constant at




= 6:6; 1;  3; for i = 1, 2, 3, respectively, are the one-loop -function
coecients; 
i
 0:7; 1:1; 0:6; for i=1, 2, 3, are the two-loop corrections; H
i
are negligible Yukawa
coupling two-loop contributions; and the functions 
i
incorporate all other corrections to the calculation
of order of magnitude consistent with 
i




are inputs. By taking linear










































































where we explicitly separated the two-loop predictions with no corrections (
i
= 0) from the contribu-
tion of the correction functions, 
i










































































































Note that in chapter 3, H
i




The integration of the two-loop RGE's for the Yukawa couplings [97] is rather complicated and has






















































; for i = 1, 2, 3, respectively; and b
b;



























terms determines the infra-red xed point in the Yukawa coupling renormalization ow.

















































= 0 in (4.7)].
Substituting instead two-loop (TL) (or input) expressions one has to compensate by properly modifying















incorporates the theoretical uncertainties in the RG calculation.








































































, and assuming negligible Yukawa couplings (i.e., F  1) gives an exact well-known one-loop
expression. F
 1




























)  3. In general, however, a numerical analysis is required to fully





) that we calculate is given by (4.16) with 
 1
= 1 and numerical
values for F and .
Before we turn to a rather technical derivation of the correction parameter 
 1
, let us discuss a
simple toy model and point out the ways in which it gets complicated. If the ideal desert and unication

































































correction functions and assume that no other corrections contribute to 
 1
. The coupling







































































































is due entirely to the change in 
G























































































In the more general case 
3



























modify only the 
3
value and not any RGE coecients (see the previous chapter and below) and can


















) but also change
the -function coecient b
3




) at the various thresholds.
The expression for 
 1























), which aects the entire t
0
range in (4.14), is relevant. The eect of the change in b
3
above the threshold is of second order
because it only aects a small region of the t
0

















, which is a second order in small quantities (because it only aects a
small region of the t
0
integral) and is therefore negligible
10
.




















































those induced by 
SUSY
3
. The additional corrections associated with the changes in b
b;3
at thresholds
will be discussed below.
10










A dierent complication is due to the non-negligible role of the Yukawa couplings. F is modied
when thresholds are decoupled. In particular, once the heavy Higgs doublet is decoupled the Yukawa









) SM-like doublet that















is due to the





















contributions which will be partially cancelled





















 1 { see below.) We will then consider
corrections to F (
 1
F








































































 (1 + 
F
); (4.28)










is the one-loop coecient






represents the threshold corrections to F . By
expanding (4.28) around (4.16) [in a similar way to (4.25)] and using the results of the previous chapter
we can obtain an approximate expression for 
 1
. This yields a better insight into the role of the
dierent correction parameters than purely numerical estimates.







) drops out from (4.28) and the residual uncertainties from 
1
are small when the











. The dominant corrections to the m
b







, and the explicit uncertainties in 
3
(as was illustrated by our toy model). The latter
can be divided into low-scale (
SUSY
3






) contributions. The low-scale
uncertainties have a small eect on m
b
because they only aect a small t
0
range in (4.14) (see the toy
model and comment below). High-scale corrections aect the entire t
0





(high-scale contributions to 
3
constitute a part of 

s





















We denote the heavy X and Y vector; color-triplet; and the adjoint color-octet, SU(2)-triplet (and






, respectively. Some of the high-scale thresholds are














is possible, and 
t
in this
scenario can be  +0:5 and the constraints on M
5






) [76]. Also, proton
decay constraints can be removed by a simple modication of the model [82].
11
Once sparticles are decoupled the degeneracy among various operators is lifted, e.g., the gaugino - sfermion - fermion
coupling is dierent from the respective gauge coupling and the Higgsino - sfermion - fermion Yukawa coupling is dierent
from the Higgs-boson - fermion - fermion one (see, for example, Chankowski [116]). In (4.28) we ignored this eect, which
is negligible for sparticles and the Higgs-doublet below the TeV scale.
55
The sparticles and the Higgs doublet decouple from the 
i




























for i = 1, 2, 3. (4.29)




-particle contribution to the respective -function. M
i
can be split by a factor of a few. In general,
M
1
grows most signicantly with the scalar mass; M
3



























. On the other hand, once either the gluinos or the squarks are decoupled, all squark - gluino





[116], and two other scales of relevance are (in the approximation









































. We will discuss corrections to F and to t below. A more detailed treatment of low-scale eects
will be needed if either some of the spectrum parameters are better known or if one assumes sparticle















































































































































































































































. (We replaced 
OL
s;G





























































































































































case is much more dicult to describe. The





































































= 1. The 
1




























involve the low- and high-scale mass parameters introduced above, as well as the NRO eective strength,
 (dened in section 3.3). To leading order  is the only NRO free parameter and it incorporates the













is the eld strength tensor and  is the adjoint scalar






10 suggested in the previous chapter is constrained only by perturbative
consistency of the analysis.
Threshold corrections also aect the one-loop contribution from the Yukawa sector, i.e., F ! F (1+

F









is a correction term, but it can be as large as a  30% correction (which, in fact, is responsible for
the successful m
b
prediction in the MSSM), and, as we shall show, 
F





contribute since the adjoint supereld couples (to one-loop) to the Yukawa operators via its coupling
to the Higgs doublets, which drops out from the ratio. However, new and large Yukawa couplings will
(radiatively) increase h

() and thus aect the infra-red xed points and the perturbative limit; i.e.,
they aect F






dierent gures inwards towards each other.) New Yukawa operators (that do contribute to the ratio
13
)




(see, for example, Hisano et al. [76]). The exact magnitude of such
eects will be determined by the details of the high-scale Lagrangian.
There are, however, low-scale corrections to F
 1
. We naively change the Yukawa coupling RGE's










) to those which are appropriate given the SM





























is taken at M
Z












by slightly diminishing the eect of F
 1
in (4.16). Note that the F behavior distinguishes the
MSSM, where only h
b
gets corrected (to one-loop) by h
t
, from the SM where all fermions couple to only




get corrected. For h
t





















by less than  2% (the upper bound is for a large tan ). In most parts of the plane





1:02 if either sin   0 or h
t
 1. Let us stress that this is a
13




! 1 above M
5
, (4.17) is




, and the divergence lines move slightly outwards.
57
somewhat naive description which gets complicated in many ways. For example, a light t-squark and
a light chargino will still couple to the SM-like eective Yukawa operators. Such eects will have to be
accounted for if and when the spectrum is better known and a rened analysis is required.




unication) can be modied by either corrections to the
coupling constant unication [see Eq. (4.13)] or by a split between the coupling constant and Yukawa




< 0 (and it is reasonable to
take 
t








) can be also expressed in terms
of the split between the unication points
14
, but then 
t
has no xed sign.] Taking the approximation
that 
t




























































































































































































































































represent the low-scale and high-scale corrections, respectively. The coecients C
i
are dened and








drops out. This is becauseM
3
is associated




) due the threshold, which is a second order eect (see the discussion above).
The M
3
dependence, on the other hand, is due to the change of the b
b;3













































































can lead to an unacceptable scenario with b   unication at much lower scales (because
the h

-function is nearly at at large scales). When expressing the split by means of 
t
, we can avoid such scenarios.
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Table 4.1: The coecients C
i
are dened and estimated using 
0
s



































































































 1:1,   0
h
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correctly. For example, in section 3.4 we dened an eective scale parameter, M
SUSY
, which gives








)] prediction, but does not contain any information
on the spectrum { it can be as low as a few GeV for sparticles M
Z





























































for a strongly degenerate spectrum. For the









). Taking the limits of heavy






































(1 + 0:007) : (4.43)









































) in such a scenario.







 0:8   0:9. Taking these limits and









The high-scale corrections to the coupling constant unication emerge as the leading contribution
to 
 1
6= 1. We would like to stress that  is not just a new ad hoc parameter. Given the precision to
which we know the low-scale observables, one cannot ignore the likely possibility of unknown physics
at the high-scale where the (supergravity-induced) MSSM breaks down, and which is parameterized
in terms of NRO's [whose form is dened in SU(5) models]. Furthermore, similar corrections may
59
arise in supergravity from non-minimal (and non-universal) gauge kinetic functions (see, for example,
Ref. [117]). Unfortunately, this, in turn, introduces some ambiguity in RG calculations (via high-
scale boundary conditions). It should also be noted that adding large representations [105] { [108]





) and t. This is because the decoupled heavy components constitute a nearly
complete representation (which acts equally on all the b
i
's). Thus, the threshold corrections in the
minimal model give a good estimate of 
 1
G
(in models with a GUT sector, which are the relevant ones
for Yukawa unication). A model independent treatment of high-scale threshold eects on coupling
constant unication is given in Appendix C. The heavy Yukawa sectors of dierent models may aect
the infra-red xed-points dierently.
An arbitrary splitting of the two unication points induces a  5% uncertainty. By combining all











= 1  0:1 is thus a reasonable range, and 
 1
= 1  0:15 (that we adopted) is somewhat more
extreme, but well within the allowed range. We would like to stress that all ranges extracted here are a
guideline only. This range, which is controlled by high-scale corrections, is still valid when the sparticle
spectrum is explicitly calculated (and, e.g., decoupled numerically).




) or the positive
contribution to (4.14) from Yukawa terms, aect the infra-red xed points and can slightly shift the
corresponding divergence lines. They may also aect the upper bound on m
pole
t
, and thus they induce a




In particular, it is much higher than the the upper bound suggested by precision data [see Eq. (2.9)].



























is xed at some desired value. The coupling constants do
not unify unless one consistently corrects 
G




is small (or is known and corrected for). In that case one can minimize the

























terms contribute to 
 1
[i.e., one can




 0 in (4.39) and (4.40)], and the residual uncertainty is
small. Some caution is, however, needed. The coupling constant unication constraints are not integral







is not manifest. A large m
t




) or, alternatively, very large










can induce rst order
corrections to m
b













) prediction to a















but does not aect m
b
to rst order
in small terms. Thus, unless one knows and corrects for the 
SUSY
3














) in that range is not very instructive. Nevertheless, it is useful in




) in predicting m
b
, as we saw in section 4.3.































) and any uncertainties in the 
1

























































(we assume tan   1) is associated with the decoupling of the heavy Higgs doublet. We estimate a
 5   10% uncertainty in the m
pole
t
range that corresponds to three-Yukawa unication.
4.5 Conclusions






, and contain non- fundamental Higgs represen-
tations. These distinguish such models from some other realizations of the MSSM, e.g., most string-
inspired GUT-like models. Above, we explicitly embedded the MSSM in a minimal SU(5) model, and
concluded that such a model is constrained to a small area of the parameter space. We showed that
corrections to a two-loop calculation of the bottom mass (when assuming grand unication) are mani-
fested in various ways. Parametrizing those corrections, we were able to relate them to the correction
parameters identied in the previous chapter, and to study their magnitude and behavior in some detail.
The theoretical uncertainty in the bottom mass prediction is typically
<

15%. We thus took (given the





(5GeV) < 4:45 GeV as a (conservative)
constraint. Requiring this, as well as requiring perturbative Yukawa couplings up to M
G
and identify-












215 GeV), and that, in agreement with
other authors, the allowed area in the m
pole
t
  tan  plane is described by low- and high-tan  branches
[where the former saturates the h
t
(quasi) xed-point line]. The separation between the two branches
is determined by the correction factor. Requiring all three (third-family) Yukawa couplings to meet
requires a large tan  (but its exact value is sensitive to the superpartner spectrum). We demonstrated




), but that the MSSM prefers




) quadratic dependence on m
pole
t
cannot be ignored as




) prediction with m
pole
t
, and thus aects the m
pole
t
dependence of the m
b
predic-
tion, as well as the the upper bound on m
pole
t
and the range of m
pole
t
for which intermediate values of
tan  are allowed. Finally, the above observations and radiative breaking of SU(2)
U(1) have mutual
implications (chapter 5), but the above constraint is still valid in a calculation in which the sparticle
spectrum, and therefore 
 1
Z
, is calculated explicitly. (The larger uncertainty in the calculation comes
from the unication-scale physics rather than from the details of the sparticle spectrum.) One hopes
that a careful study of various correction terms will eventually result in reliable constraints on the
MSSM parameter space, and in a way that can distinguish dierent realizations of the MSSM. Here
we have showed (in agreement with others) that by measuring tan one can exclude simple (and some
extended) GUT structures at the high-scale.
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Figure 4.1: The t-quark pole mass (in GeV) - tan plane is divided into ve dierent regions. Two
areas (low- and high-tan  branches) are consistent with perturbative two-Yukawa (b and  ) unication
and with an upper bound of
4:45
0:85
GeV for the b-quark current mass. The 0.85 factor takes into account a
 15% theoretical uncertainty in the numerical calculation due to the matching conditions. Between
the two branches the b-quark mass is too high. For a too low (high) tan , the t-quark (b-quark)
Yukawa coupling diverges. The region where all three (third-family) Yukawa couplings unify (dashed
line) intersects the allowed high-tan  branch. [The three-Yukawa region is calculated without imposing
any constraints on m
b




ratio.] The tan  = 1 line is indicated (dotted lines) for comparison.
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strip and tan  = 1 are not
shown.
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 > 4.45 GeV
ρ = 1
ht(MG) = 2






















Figure 4.4: Two-loop evolution of the t-quark Yukawa coupling with the energy scale M
Z
 Q  M
G




)  0:125]. Note the logarithmic scale.
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(4:45GeV) < 4:45 GeV. The allowed tan  range is reduced by  0:03   0:10 for the low-tan 
branch (the eect is hardly seen in the gure) and by  3   4 for the high-tan  branch (where the
corresponding range for 0.85m
0
b
(5GeV) < 4:45 GeV is indicated { dashed line { for comparison).
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 = 174 GeV
- 10%
+ 10%








= 174 GeV and universal boundary conditions for the soft parameters at the unication
scale are choosen at random. All points included are consistent with electroweak breaking. tan  = 20
is indicated for comparison. For tan  < 20 corrections are less than 10%.
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Figure 4.7: The area in the m
pole
t
  tan plane which is consistent with perturbative two-Yukawa
unication and with 0:85m
0
b




) = 0:11. The unication scale and

G




unication. We chose 
 1
= 0:85 for comparison





























































The Higgs Sector in Supersymmetric Yukawa Unied Models
5.1 Introduction
Supersymmetric grand-unied theories (SGUT), which we explored in the previous chapters, provide
an attractive framework on both observational and theoretical grounds. In the minimal models, which









































 0:04), and, depending on the grand unifying group representations of the
Higgs superelds that couple to matter, certain relations between the standard model Yukawa couplings
hold. In the minimalmodels based on SU(5), SO(10), and E
6
these representations are the fundamental
























but this only holds if one makes the additional assumption that the masses are generated by a single
complexHiggs 10-plet. (h
; b; t
are again the SM Yukawa couplings of the ; b; t-superelds, respectively.)
One usually assumes that some perturbation modies the coupling or the masses of the two light families
where, in principle, similar relations should, but do not, hold
1
. (See also section 5.6.) Also, such relations
often do not hold in superstring unied models. This was all discussed in chapters 3 and 4.
At the weak-scale the particle content is that of the minimal supersymmetric standard model
(MSSM), i.e., that of a two Higgs doublet model but with each bosonic (fermionic) degree of freedom
complemented by a fermionic (bosonic) one. In particular, the Higgs sector contains three Goldstone




) and one CP odd (A
0
) neutral,
and one complex charged (H
+
) Higgs bosons. The symmetries and spectrum of the Higgs scalars are
strongly aected by the above GUT assumptions, and are the subject of the present chapter.
It is customary to assume that the MSSM spectrum is given to a good approximation near M
G
by
a small number of universal supersymmetry-breaking soft parameters; i.e., a common scalar mass m
0
,









Since the Yukawa couplings corresponding to the third family are much larger than those of the two light families,
relation (5.2) [or (5.3)] will be only slightly aected.
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71
to a supersymmetricHiggs mass (i.e., the Higgsino mass), 
0
[9]. We will adopt these assumptions below.
(For an alternative scenario, see, for example, Ref. [118].) However, our conclusions in the previous
chapters are largely (i.e., except for the the details of the matching conditions) independent of those
assumptions and hold in any SGUT scenario with an approximate grand-desert in which the MSSM
-functions are valid. The universality assumption (see chapter 6) just strengthens the constraints on
the tan   m
pole
t
plane; i.e., assuming universal initial conditions and requiring that the weak-scale
MSSM (one-loop improved) scalar potential is consistent with a broken SU(2)  U(1) symmetry, we




. We then nd two allowed regions (Fig. 4.1),



























































40 exists for m
pole
t




if the model is to stay perturbative up to M
G
. However, such large values for m
t
are
inconsistent with precision electroweak data.
These results are in good agreement with those of Ref. [98, 103] and also with the more recent
analyses in Ref. [119, 120, 53, 121], with any small dierences due to dierent treatments of match-
ing conditions and of the coupling constant unication condition. Arbitrarily relaxing both condition












)] could invalidate our
conclusions. However, the corrections to (5.1) and (5.2) are strongly correlated, and when treated as
such the strong constraints on the tan  m
pole
t
plane hold (unless one assumes a conspiracy of various
corrections that are otherwise independent). See chapter 4.





160 GeV (as suggested by the ranges
given in Ref. [38, 21]) then m
h
0







85 GeV. If so, the b-quark mass prediction in minimal SU(5) (or similar) SGUT constrains
the SM Higgs boson mass more signicantly than the general MSSM (triviality) upper bound of  130
GeV [6, 122, 123]. We agree qualitatively with this conclusion, but argue that two-loop ambiguities and
important left-right t-scalar mixing eects, in addition to the higher m
pole
t











and its upper bound in the tan   1 scenario. Rather than approximating the one-loop correction
we will calculate m
h
0
for a given point in the parameter space using the supersymmetric spectrum
(calculated numerically), and use Monte Carlo routines to study the upper bound. In section 5.2 we
briey review the MSSM Higgs potential and its minimization conditions. We specialize the discussion
to the minimal SGUT scenarios, cases (1) and (2), and emphasize that the Higgs potential exhibits
approximate global symmetries in these cases. We concentrate thereafter on the tan  1 scenario.
The region of parameter space studied is shown in Fig. 5.3. Some general features are described in
section 5.3. In particular, the large Higgsino mass parameter can generate false vacuum solutions with
broken color and charge. We discuss that issue in greater detail in Appendix D. The calculation of the
light Higgs boson mass in both the eective potential and renormalization group methods is discussed in
section 5.4, where we use the comparison between the two methods to study the two-loop ambiguities
in the calculation. The details of the two methods, as well as two-loop calculations, are discussed.
Section 5.5 is reserved for further numerical studies of the Higgs boson mass, and we show that because
















heavier than the range suggested by (2.9), it remains in the range that may be relevant
2
for LEPII.
There is even some possibility that it is in the range still relevant for LEPI. We also discuss the relation
between t-scalar mixing and color breaking. In particular, parameter ranges which correspond to large
mixing (and large m
h
0
) often have an unacceptable color-breaking global minimum, but not always.
The discussion in section 5.5 is to a great extent independent of the other sections and can be read on
its own. In section 5.6 we point out simple extensions of either the MSSM or the GUT in which our
(constrained) analysis does not apply. We will summarize our conclusions in section 5.7, where we also
examine the implications for m
pole
t
. Our numerical routines are described in Appendix A. The boundary
conditions at M
G
for 0  m
0




, and 50 M
1
2
 350 GeV, are picked at random,
and ensure superpartner masses below 1 TeV. The results presented are based on the published results
[21], and assume s
2
0
= 0:2324 and m
pole
t
= 14319 GeV. The latter was explicitly included in our Monte






values are picked at random but with a gaussian
distribution dened by (2.9)]. The previous m
pole
t
range is, however, irrelevant for the discussion and
for the conclusions (see Appendix B).
5.2 The Weak-Scale Higgs Sector





































































, and we suppress SU(2) indices. The one-loop correction
[125, 6] V = V
one loop
(which, in fact, is a threshold correction to the one-loop improved tree-
level potential) can be absorbed to a good approximation in redenitions of the tree-level parameters
[126, 127].
5.2.1 The Minimization Conditions



























































































conditions). Thus, jj ! 1 in that limit [case (1)], and the SU(2)  U(1) breaking is driven by the




[126]. We do not expect signicantly dierent results for 1  tan   1:1; i.e., the divergence is either
stabilized by model dependent nite-loop corrections or would exclude that region (see also below). For


















 5 GeV [124].
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5.2.2 The Higgs Sector Custodial Symmetries
It is useful to elaborate on the symmetry aspects of the SGUT solutions, and in particular, of case (1).
Some features of the latter, as well as the distinction between the two cases, can be better understood
in terms of the custodial SU(2)
L+R
approximate symmetry of the SM lagrangian [31]; i.e., turning o





































































explicitly break the left-right symmetry, and therefore the residual
custodial symmetry.
In the MSSM, on the other hand, H
1
















[39]. In particular, the SU(2)
L+R
symmetry is preserved if  =

4




























that measure the SU(2)
L+R








plane, we nd that cases (1) and (2) approximately correspond









) and the grand-unied symmetry protects B
M
 0
[128], the tan   1 case realizes the SU(2)
L+R






) and the vacuum respects the symmetry (up to loop corrections).




symmetry. Haber and Pomarol
observed [129] that for m
3























. The symmetry is explicitly broken for g
2





) and is not exact even when
neglecting gauge couplings (i.e., m
3



















. However, C =  
2
sin2











= 0. (The limitm
3
! 0 corresponds also to a U(1) Peccei-Quinn
symmetry [53].)


















This is realized by taking the limit jj ! 1, provided jBj  jj which in our formalism comes out as
a prediction. (Indeed, many SGUT models can easily realize a large B
0
, for example, see Ref. [130].)
Relation (5.11) results in a (tree-level) massless eigenvalue in the neutral CP-even mass matrix. [Note
that the SM Goldstone bosons are also massless Goldstone bosons of the broken SU(2) SU(2).]
The smallness of 

is protected by the custodial symmetry, i.e., 

6= 0 is explained by loop
corrections. The broken symmetry in the Yukawa sector induces at the loop level a small breaking
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). The magnitude of the eect can be estimated by integrating


































) + 0:6; (5.12)
where we neglected h





 0, and assumed 

< 1. Thus,
even though the parameter space in case (1) is severely restricted, we can understand the restriction in
terms of a symmetry.
5.2.3 The Spectrum
The tan ! 1 case corresponds to an approximate SU(2)
L+R
custodial symmetry of the vacuum [31, 39]
(section 5.2.2). The symmetry is broken at the loop level so that one expects tan  slightly above unity,
in agreement with our cut tan
>

















 0. This is, of course, a well known result of the








































when taking  =

4











further studied in sections 5.4 and 5.5. On the other hand, in case (2)  !

2





















 130 GeV. The heavier
CP-even Higgs boson mass eigenvalue equals approximately
p















(in particular, when jj ! 1).



















.] That is, at a
scale Q 
p
2jj  2 TeV the heavy Higgs doublet H is decoupled, and the eective eld theory below




 0) Coleman-Weinberg SM-like (
h
0
= ) Higgs doublet, h.





is not guaranteed to be small, and the decoupling scale Q is
much lower, typically below the scalar-quark thresholds.




symmetry (section 5.2.2). This is
a special case of the m
2
3
! 0 case discussed in Ref. [129]. To obtain m
2
3
 0 (starting with universal









j, which enable one to obtain the




are massive pseudo-Goldstone bosons of the broken O
4
symmetry. However, they are typically
heavy (for 
down
= 0 the O
4

















is enhanced in this case by the large m
t
and by heavy t-scalars.
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Table 5.1: The allowed regions in the tan  m
pole
t
plane. Relations (1) and (2) are also consistent with













for a typical scalar-quark mass. Finite corrections could modify the allowed m
pole
t
range in case (2).
case (1) case (2)




range (GeV) 140   190  180  15















































































180  15 GeV [19, 53], heavy scalars, and contain potentially troublesome loop corrections, e.g., to
m
b
and b ! s. The latter can eliminate the motivation for any Yukawa coupling analysis (but see











when imposing the tan
>







110 GeV). Cases (1) and (2) are summarized and compared in Table 5.1. We hereafter study
the tan   1 [case (1)] solution only. The tan  = 1 + 

region studied is shown in Fig. 5.3. We
assume that nite-loop corrections to m
b
(Fig. 4.6) are at the most a few percent which is, in general,
the case away from the large tan limit, and thus do not alter our results. [The parameter space is
sensitive to those corrections only in case (2).]
5.3 The tan  ! 1 scenario
Our primary motivation to study the tan  1 solution to the MSSM is its consistency with condition
















latter are sucient only if some of the the Yukawa couplings are large, i.e., near their unitarity upper
bounds, which is the case in the allowed regions. [Also, H

s
in (3.38) becomes non-negligible in that
limit.] The large values of the Yukawa couplings can be understood in terms of a quasi-xed point in
the ow of the respective RGE's [99, 100]. In particular, in case (1) h
t
is near its quasi-xed point.
The two issues, i.e., the consistency of tan   1 with (5.2) and the h
t
-RGE ow structure, are strongly
76
related.
The smallness of 






symmetry in the Higgs potential, which, if it exists at some scale, will be only slightly
broken at M
Z
, as is shown in section 5.2.2. The tan  1 scenario was previously studied in Ref.
[133], where it was referred to as \highest classical degeneracy": in the tan  = 1 limit condition (5.5)



















< 1 and after
the proper redenitions.] It was subsequently studied in Ref. [134] in the context of a global MSSM (i.e.,
no high-scale assumptions), and its consistency with limits on m
h
0
was shown. The tan  1 solution




revived the interest in that corner of parameter
space. More recently Ref. [135] { [137], motivated by the quasi-xed point prediction to m
t
, extended
the discussion from the Higgs sector to the full parameter space.
In Figs. 5.2a and b we show the prediction for  as a function of m
pole
t
and of tan , respectively.
Typically jj  1 TeV, depending on 

and on the soft parameter scale. It is the large jj parameter
that dictates the characteristics of the scenario (and not only for the Higgs sector). Before further
elaborating on the calculation of m
h
0
, let us briey summarize some of the features that appear in
our numerical studies, and which are of relevance for the discussion below. Though we agree on the
characteristics with other authors, our emphasis and interpretation are dierent.
1. The Higgsino (with mass  ) is decoupled from the (much lighter) gauginos. The bino and the
wino are the lightest neutralino and chargino, respectively. (The former is the LSP which has
a bino fraction near unity.) The heavy Higgsino decouples from the Z ! b

b vertex, and thus,










is diminished (see Fig. 5.2). Thus, in principle, Higgsino { t-scalar loops can still counterbalance
large m
t
contributions to Z ! b

b (see, for example, Ref. [42]) if the t-scalar is light enough. [A
light t-scalar is, however, less likely if jj is small (see below).]























and similarly for the superpartners of the other fermions. The diagonal elements correspond





, which consist of soft, F , and D
terms. A
t

















. The prediction for the diagonal terms has no unique characteristics in our case,
and the left and right-handed masses are in the  100 GeV  1 TeV range. However, the mixing
term is typically large (unless the fermion mass is  0 as is the case for the light families). In





left-right mixing so that one of the eigenstates would have
a negative mass squared, and the limit cannot be fully realized. In practice, the soft terms and
m
t
jj are often of the same order of magnitude, with a nearly degenerate mass-squared matrix.
Thus, the requirement that (5.6) and (5.7) denes a physical minimum with no negative squared
masses, corresponding to physical scalars, constrains . Also, our previous comment regarding a
light t-scalar and a small -parameter is clear by observation of (5.15). It is interesting to note
that by ne adjustments of the soft parameters [i.e., of the degeneracy in (5.15)] one may realize a
scenario with a light (
<

45 GeV) t-scalar which is nearly decoupled from the Z (e.g., sin 
t
 0:8).
(See, for example, Ref. [63].) However, such scenarios are often associated with false vacua (see
below and Appendix D).
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= 0) SGUT models are strongly constrained
4
5
. Also, requiring that the light eigenstate of the  -scalar mass-squared matrix (which carries
charge) is not the LSP determines an upper bound on M
1
2
in the no-scale limit (see also Kane et
al. [123]). These point at a correlation between the bounds on the soft parameters. A dierent





limit is discussed by Carena et al.
[135]. Strong correlations (e.g., the m
pole
t








due to scalar mixings discussed here) do not allow elimination of the large-jj solutions (that
correspond to large left-right mixing enhancement to m
h
0
{ see below) on the basis of ne-tuning
arguments. The naive notion of ne-tuning becomes obscure and misleading in the presence of
strong correlations. (See also Ref. [135].) Rather, strong correlations make the scenario quite
predictive.













  is strongly constrained
by requiring that the full scalar potential does not have a color and/or charge breaking global
(GCCB) minimum, which is a dierent issue than whether the extremum dened by (5.6) and
(5.7) is indeed a minimum. The issue of false vacua is of particular interest in the tan  ! 1






in that limit. We nd that the absence of negative energy CCB

































consist of only the soft
terms. (Note the importance of the trilinear parameter and of the relative sign.) Our numerical
studies imply that (5.16) is (to a good approximation) a sucient condition (in that region of
parameter space) but is not necessary (i.e., it is too restrictive). For example, more than 80%





165 GeV correspond to CCB
minima which are only local and are therefore safe. In Fig. 5.2 only lled squares correspond to
(probably unacceptable) GCBB minima. Also observe in Fig. 5.2 that  < 0 is preferred by CCB






< 0 so that the contribution from a large
and positive  cannot be canceled in (5.16) (for our range of A
0
). We further study these issues
in Appendix D.
5.4 The Loop-Induced Mass






















































= 0 is not consistent here.
5




were recently discussed in Ref. [138].
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are the eigenvalues of the t-scalar mass-squared matrix, 
t
is the mixing angle, and we
have neglected other loop contributions. (They are included in our numerical calculations below.) The









, are bounded by the rst and second terms
on the r.h.s. of Eq. (5.17), respectively. In the absence of mixings 

t


















and depends on the overall scale of the t-scalar mass, the














signicantly (typically by 10   20 GeV) compared to the rst term alone (which was all





and tan  in case
(1) (see the previous chapter), and 

increases from  0 for m
pole
t




GeV. By increasing tan  one gradually departs from the jj ! 1 limit, and the enhancement to 
h
0
from left-right mixing decreases. Thus, there is an interplay between 

t












As was pointed out in the previous section (see also Appendix D),  and the amount of mixing
^
  are
subject to color and/or charge breaking (CCB) constraints. In this section points which are consistent
with (5.16), i.e., which have no negative-energy CCB minima, are marked by a circle { . Points which
are inconsistent with (5.16) and therefore have either a local or global negative-energy CCB minimum
are marked by a \diamond"{ . The lled diamonds correspond to a global color breaking minimum
(as determined using numerical procedures), which is (most likely) unacceptable. The open diamonds
represent CCB minima which are only local (i.e., above the standard model minimum) and are therefore
safe. Constraint (5.16) is always evaluated at the t-scalar scale, independent of the scale chosen for




is reduced (in our case) to a great extent to calculating 
h
0
, i.e., the deviation from











(5.17) and (5.18)]. Two standard ways to perform the calculation are the eective potential method
(EPM) (e.g., see Ref. [141, 140, 142, 134]) and the renormalization group method (RGM) (e.g., see
Ref. [143, 144, 134]). The two methods correspond to a \run and diagonalize" and \diagonalize and
run" algorithm, respectively. The algorithms and their implementations are discussed and compared in
greater detail below. We would also demonstrate that the EP and RG methods do agree (within their
domains of validity), i.e., the results are not sensitive to the way one treats the threshold corrections.
In particular, both methods exhibit a large (10   20%) two-loop ambiguity from the presence of some
two-loop residual terms in the calculations (next-to-leading and leading two-loop logarithms, as well as
nite terms). We explicitly identify and discuss such terms. The residual logarithmic two-loop terms
can be described in terms of a scale ambiguity (i.e., the scale dependence of the one-loop calculation
is of two-loop order). Indeed, comparing the two methods and studying that ambiguity allow us to
estimate the two-loop correction (section 5.4.5). However, the uncertainty remains.
5.4.1 The EPM: Run and Diagonalize
A straightforward way to calculate 
h
0
is (a) to take the rst and second derivatives of V (Q) with
respect to the neutral CP-even and CP-odd components of H
i





; and (c) to calculate the correction to (5.14): the eective potential method (EPM). Like Ref.
[140], we will follow Ref. [141], however, we add to their expressions \D-term" [142] and Higgs-Higgsino
and gauge-gaugino [134] contributions, which are typically  (1   2) and  (2   4) GeV, respectively.
Note that (i) all the parameters are taken at the subtraction scale Q. The mass matrices are thus
calculated at the scale Q and (ii) only then are diagonalized, i.e., a \run and diagonalize" algorithm.
It is suggestive to take Q = M
Z
, i.e., the scale at which the physical inputs are given. Another
attractive choice is a scale at which V
two loop
(Q) is minimized. We will not attempt to nd such a
scale rigorously, but estimate Q  600 GeV  m
~
t
. (One indeed expects such a Q to be in the vicinity of
some average scalar-quark scale, as for V
one loop
in Ref. [145].) We will use the comparison between







logarithms are multiplied by small couplings and do not invalidate the loop
expansion, i.e., the EPM. This is equivalent to the statement above that Higgs-Higgsino contributions
are small. One corrects for threshold eects by the subtraction of one-loop leading logarithms (included
in V ), and thus to that order the two choices are equivalent.
The Q dependence of m
h
0
(Q) comes about from (i) logarithmic wave-function dependence of 
i
(Q)
and (ii) two-loop implicit eld-independent dependences of the loop correction









runs over the relevant mass parameters). Both are often underestimated. The importance






factor. The eld-independent dependence (ii) was studied in
Ref. [75], where it was shown to be of the order of two-loop (next-to-leading) logarithms. One can
instead examine directly the expression for 
h
0




































































































, and neglected all









is the gluino mass.) This is of course a rough estimate,
as, in practice all the parameters scale with Q. However, it illustrates qualitatively the presence of




. Note that typically the QCD term wins and the correction is positive near Q =M
Z
.
Though formally of two-loop order, the residual Q dependence of the EPM m
h
0
is (in our case) of
order 10   20%. The ambiguity in m
h
0

















but also in 
h
0
. Nevertheless, one should be aware of such ambiguities, which are generically
present in a calculation of that sort.
5.4.2 The RGM: Diagonalize and Run
One could alternatively correct for thresholds by explicitly decoupling a particle below its threshold
and redening the eective eld theory: the renormalization group method (RGM). Following Ref.
[134, 143], we diagonalize the Higgs mass matrices at scale Q = m
A
0
 2:1 TeV, integrate out the
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and other heavy particles will be decoupled at lower thresholds
7








function renormalization). Mixing eects are accounted for by a complicated set of matching conditions













; i.e., a \diagonalize and
run" algorithm.
One can solve the RGE's iteratively to get a semi-analytic approximation [134, 143]. This is not
an exact procedure, and at one-loop is accurate to leading logarithms (i.e., the accuracy of the EPM).
Alternatively, if the RGM calculation is done by exact (or numerical) integration, then the leading
logarithms are summed to all orders. In agreement with Ref. [134] we nd that (M
Z




is diminished when integrating the RGE's numerically. However, the eect of the numerical integration
(Fig. 5.5) is more important than anticipated in Ref. [134] since A
0
is heavier than the mass-scale
used there and because of the large couplings. The dierence between the numerical treatment and
the approximate formula is of order of two-loop (leading) logarithms. The summation of the leading
logarithms modies the scale dependence of the calculated mass.
A dierent scale dependence is via the details of the decoupling of heavy states. To ease the
calculation, we do not diagonalize scalar-quark mass-squared matrices at an intermediate scale. Instead,
we put in the appropriate matching conditions [144, 143] by hand. These conditions are derived by






























), and thus [using (m
A
0
)] the boundary condition for (m
A
0
). The agreement with the
calculation using the boundary conditions of Ref. [144, 143] is good.
5.4.3 Comparison Between the EPM and RGM
Whether \running and diagonalizing" or vice versa leads to a slightly dierent answer. However, it was
already noted in Ref. [134] that the dierence between the two algorithms is small and of higher order,
and can be ignored for the purpose of our discussion here. However, the inclusion of the appropriate
RGM matching conditions is essential for the comparison between the two methods.
More importantly, the RGM approximation of 1HDM breaks down if jj is not suciently large. (In
such cases the more conventional 2HDMRGM is appropriate.) Too small scalar-quark (diagonal) masses
break down the expansion of Ref. [144, 143] and too large scalar threshold-corrections can break down
the EPM approximation. Indeed, one has to ensure that the scalar quarks are not heavier than about
1 TeV in order not to invalidate the loop expansion which underlies the EP, as these large logarithms
would be multiplied by large couplings
8
(see, for example, Ref. [116]). We checked that the points in
the parameter space where the RGM and EPM are in sharp disagreement correspond to either one of
these cases.
The scatter plot Fig. 5.3 displays the results of an EPM calculation with Q =M
Z
. (When increasing
Q the soft mass parameters and m
t
decrease so that the EPM m
h
0
is diminished.) The scatter plot Fig.
5.4 displays the results of a RGM calculation (performed numerically). Comparing them, one observes
a 10 20 GeV dierence between the respective Higgs boson masses (for a given point in the parameter
space). However, this is not due to the dierent choices of an algorithm, but to the dierent residual
7
We checked that the details of the choices for those intermediate scales introduce a  1% uncertainty.
8
This requirement is consistent with our choice of ranges for the soft parameters.
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two-loop dependences in the two calculations. To illustrate the maximumambiguity we used the t-quark
pole (running) mass in the calculations presented in Fig. 5.3 (Fig. 5.4). (The  5% dierence in the
t-quark masses is formally of two-loop order.) In both plots one can observe a separation into a heavier
and a lighter Higgs boson branches. This is due to the enhancement to m
h
0








mixing, and is further discussed in section 5.5.
To further compare the two methods, it is useful to consider the following exercise. The RGM
calculation could be modied so that leading logarithms are not summed to all orders, e.g., one could use








In either case the residual terms in the dierent calculations are qualitatively brought on the same
footing. We carried out that exercise numerically, and Fig. 5.5 (Fig. 5.6) compare the EPM withQ =M
Z
(Q = 600 GeV) calculation to the RGM leading logarithm approximation (numerical calculation). Once
the residual two-loop dependence of the calculation is properly adjusted, the two algorithms agree well,
in particular for Q  600 GeV. [All calculations presented in Fig. 5.5 (Fig. 5.6) use the t-quark pole
(running) mass.]
This all points at the most important source of uncertainty: residual two-loop (and wave-function)




. Two-loop terms fuel the ambiguity, which therefore
cannot be removed in a satisfactory fashion within a one-loop calculation. (Even though we could
identify some two-loop terms, the consistency of their removal is doubtful). Expanding the calculation
to higher orders is not straightforward. We discuss two-loop calculations below.




scenario. While the former sets the upper bound (for a given m
pole
t
), the latter is a more accurate
leading-logarithm calculation (and uses properly the running t-quark mass). However, within a
one-loop calculation, and in particular when next-to-leading logarithms and some nite terms are com-
parable to higher-loop leading logarithms (which is the case here), neither method provides a more
consistent calculation then the other. As we argue below, the former is also an upper bound on two-
loop calculations, which most probably diminish m
h
0
. We do not think that any stronger statements
are justied at present. We continue to discuss the prediction and its upper bound in the section 5.5.
5.4.4 Constraints on the Mixing Enhancement




EPM [e.g., Eq. (5.17)] the enhancement is a straightforward result of diagonalizing the CP-even mass

















loops could still contribute to 
h
0
. (In practice, the eect is accounted
for in the RGM by a set of appropriate matching conditions.) However, the amount of mixing
^
  (and
thus the enhancement) is strongly constrained by the physical vacuum.
Requiring that the SM extremum is a minimum (i.e., no negative squared masses corresponding to
physical degrees of freedom), and furthermore, is the global minimum (i.e., there is no deeper minimum
that does not conserve color and/or charge) strongly constrains
^
 . Constraints imposed by the latter
may be evaded
9
if the non-SM global minimum is separated from the SM local minimum by a tunneling
time greater than the age of the universe [146]. Constraint (5.16) (naively) attempts to eliminate all,
i.e., local and global, negative-energy CCB minima in that region of parameter space and is too strong.
The points marked in the scatter plots by only a an open \diamond" survive a more careful analysis,
9
This claim, however, does not take into account nite-temperature eects.
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i.e., they correspond to only local minima
10












) roughly 80% (15%) of the points that fail to satisfy constraint (5.16) correspond
to (probably unacceptable) GCCB minima of the (one-loop improved) tree-level scalar potential. The
enhancement is then partially washed away by requiring consistency with the physical vacuum. The
possibility of coexistence of the two vacua (with a tunneling time greater than the age of the universe)
is, at the present stage of our calculation, a remaining ambiguity. We further discuss those issues in the
next section and, in greater detail, in Appendix D.
5.4.5 Two-Loop Calculations
In this work we do not carry out a two-loop calculation of 
h
0
. Such a calculation is an elaborate
task and attention should be paid to various issues, e.g., wave-function renormalization and the coupled
running of the masses and couplings; pole masses vs: running masses; the multi-scale structure of the
low-energy theory; the correct choice of matching conditions (logarithmic and non-logarithmic) given a
choice of decoupling scales; one-loop nite pieces (not included in the EP) that may become important
in certain regions of the parameter space; in addition to correct counting of powers of the couplings. In
fact, an hybrid algorithm between the EPM and RGM is required.
We received recently two interesting papers where (partial) two-loop analyses were presented [147,
148]. In this section we compare those results with the residual two-loop terms we identied above. We
will take a somewhat critical point of view emphasizing that though the above studies (as well as the
discussion here) pave the way to understanding 
h
0
beyond one-loop order, they are not complete. We
conclude that the one-loop leading-logarithm result is most probably an upper bound on the two-loop
result, but we doubt whether any stronger conclusions can be drawn at the present.
Above, we presented the leading-logarithm result. In the EPM this is given by V
one loop
and in the
RGM one solves the RGE's to that order. We found no signicant dierence between the two methods.
Next, we proceeded to calculate beyond the leading order and integrated the RGM RGE's numerically,
summing the leading logarithms to all orders in perturbation theory, and, in particular, to two-loop
order. We then found a   10   20% correction to 
h
0
. On the other hand, we identied in the
EPM expressions next-to-leading two-loop logarithmic terms. Those terms come about from the scale























It is then suggestive that the two-loop leading logarithms and m
t
corrections would diminish the one-
loop (leading-logarithm) result, while the next-to-leading logarithms would partially counter-balance
that eect. Thus, we reach the conclusion that the one-loop leading-logarithm prediction for m
h
0
(which contain some next-to-leading logarithms) is an upper bound on the two-loop prediction. Any
stronger conclusion would require a detailed consideration of the issues listed above. Furthermore, the
signicance of a detailed two-loop study in the context of SGUT's is not clear unless complemented by
similar studies of threshold eects near the high-scale boundary (see chapter 6).
Let us proceed with the issue of the orders in perturbation theory. It was already pointed out
by Chankowski [116] that the inclusion of V
one loop
in (5.4) with only one-loop RGE's for the (RG-
improved) potential parameters is an inconsistent procedure when counting powers of couplings. These
issues have recently received great attention in the context of theories with a single scalar eld (i.e.,
10
In fact, all points are found to have at least a negative-energy CCB local minimum of type M
2
= 0 { see Appendix
D. However, we nd that in our region of the parameter space (5.16) is a useful tool to identify minima that compete




or the SM) [149, 150]. It was explicitly shown that a RG-improved L-loop eective potential is
consistent when the parameters are calculated using (L+1)-loop RGE's [150].
The observations of Ref. [149, 150] were recently applied to the MSSM by Kodaira et al. [147] who
extended a previous work of Espinosa and Quiros [151]. Indeed, they nd that the two-loop RGM with
one-loop EP slightly increase the one-loop RGM result. However, they impose the naive assumption of
only one relevant scale (M
SUSY
) below which the SM RGE's are in eect (and the EP contain only a m
t
correction). Thus, the MSSM parameters are not treated on the same footing as the SM ones, and one
expects some modication of their numerical results. However, we note that the correction is positive:
recall that the dierence between the two RGM approximations is the next-to-leading logarithms, which
we found to be positive by examining the scale dependence of the result.





































which roughly agrees with our Eq. (5.19).




below its two-loop RGM prediction. They then show that, e.g., if the dierence between
the pole and running t-quark mass is accounted for in the RGM calculation by appropriate matching
conditions, the two methods agree. This again stresses the need for adequate choice of matching




. [Also, we showed that scalar mixings which are neglected in the above two-loop
calculations and in our Eq. (5.19), are not apriori negligible.]
In short, all analyses support the conclusion that two-loop logarithms will diminish the one-loop
leading logarithm result (in particular, if one properly distinguishes the t-quark pole mass from the
running mass). However, it is not clear that the prediction of a complete two-loop analysis
11
lies as low
as suggested in Ref. [148] (or by our Fig. 5.10). (If indeed this is the case our upper bounds will be
signicantly strengthened.)
5.5 The Prediction for The Higgs Boson Mass and Its Upper Bound
In this section we present and discuss our numerical results. In section 5.4 we discussed various methods
to calculate the mass (to one-loop). The eective potential method (EPM) with a subtraction scale
Q = M
Z
(e.g., see Fig. 5.3) puts the weaker constraints on m
h
0
and is the conservative choice for
the upper bound. In Fig. 5.7 we present Monte Carlo distributions of m
h
0




 165, 165  m
pole
t
 175, and 175  m
pole
t
 185 GeV. The upper bound can be read o










165, 175, 185 GeV, respectively. (Note that these
bounds are deduced from our Monte Carlo calculations, and are not rigorous.) Nevertheless, we would
like to stress that typically m
h
0




is heavy enough) that m
h
0
is just outside the range that LEPII may cover. However, this is
not likely on both grounds, the m
pole
t




reected in Fig. 5.7).
11
















. They further argue that the same result could be obtained at one-loop if one follows






)], and that their naive treatment of
the supersymmetric spectrum does not aect their results for the upper bound.
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The role of the large left-right mixing in the t-scalar sector can be seen in Figs. 5.7a and 5.7b, which
exhibit two peaks in the mass distribution, a \logarithmic" and a \mixing" peak. The former is due to
the diagonal entries in the t-scalar mass matrix [Eq. (5.15)] while the latter, which is at larger mass,
is due to the mixing enhancement [

t
in Eq. (5.18)]. The interplay between the mixing and the m
4
t
factor in the loop correction 
h
0
[e.g., in Eq. (5.17)], and between 
h
0




(that grows with tan  and, therefore, with m
pole
t
) can be seen by comparing Figs. 5.7a-b with Fig.
5.7c. The mixing enhancement plays an important role for smaller values of m
pole
t
( ! 0). In fact,








The left-right mixing enhancement is strongly constrained when requiring that the minimum of the











vanishing expectation values (see section 5.3 and Appendix D). Constraint (5.16) eliminates potentially
dangerous points in the parameter space (marked by a \diamond" in Figs. 5.3 and 5.4), some of which,
however, correspond to only a local color-breaking minimum (marked by an open \diamond"). Those
which correspond to global minima are marked by a lled \diamond". Fig. 5.8 is the same as Fig.
5.7 except that points which correspond to global color and/or charge breaking (GCCB) minima are
omitted (the shaded areas have no negative-energy CCB minimum, global or local.) The mixing peak




(see appendix D). (Some caution is required: the cosmological history of the universe may
accommodate such a global minimum.)
A dierent issue is that of the large two-loop ambiguity in the calculation pointed out in section 5.4.
For example, in Fig. 5.9 we show the same distributions as in Fig. 5.7, but in which the running (rather
than the pole) t-quark mass was used to calculate m
h
0
. (The running mass is  5% smaller.) Also,
the distribution corresponding to the renormalization group method (RGM) calculation (e.g., see Fig.
5.4), which we showed
12




in Fig. 5.10 for 155  m
pole
t
 165 and 165  m
pole
t
 175, respectively. Again, the t-quark running
mass is used. Also shown are the distributions when GCCB points are omitted (shaded areas) to be
compared with the total areas (shaded and unshaded) in Fig. 5.8. Note the concentration at lighter
masses compared to previous gures, even though the upper limits are only slightly changed. It should
be stressed that had we not included the proper RGM matching functions [144] (which would roughly
correspond to setting the left-right mixings to zero by hand) then the RGM distribution would sharply
peak at the lower end of the m
h
0
range. Thus, the importance of the matching functions is obvious.
All, Figs. 5.7 - 5.10, are consistent within the theoretical ambiguity. It is suggestive that a consistent
two-loop calculation will reduce the upper bounds given by the EPM calculation (we choose conserva-
tively Fig. 5.7), but probably not to lower values than suggested by the RGM (Fig. 5.10). Further study













suggested by electroweak precision data, our histograms imply that m
h
0
may still be relevant for Higgs
searches at LEPI. (In particular, if two-loop corrections reduce m
h
0
as suggested by Fig. 5.10.) In Fig.
5.11 we plot the m
h
0
upper bound as a function of m
pole
t
and compare it to the lower bound derived
assuming the SM (at high energies) [154] and to the upper bound for any tan . The SM Higgs boson
may be distinguishable from the MSSM one for tan  1.
12
The RGM calculation sums the leading logarithms to all orders in perturbation theory, while in the EPM calculation
with Q  m
~
t
higher order terms are, in principle, minimized, and do not need to be summed.
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5.6 A Comment on Extended Higgs Sectors
If there is an extended heavy Higgs sector (as is assumed by some authors when trying to explain
the light fermion spectrum) with large representations coupling to the third family (i.e., there is no
avor symmetry that forbids such couplings) then (5.2) does not hold and our constraints are evaded.
Alternatively, some models extend the light Higgs sector by adding a SM singlet supereld, S, to the
spectrum. This is the only addition to the Higgs sector which is consistent (i.e., without ne-tuned
cancellations) with coupling constant unication.






































). (We do not distinguish





is recovered if 
s





[156]. However, the new Yukawa couplings
(i.e., 
s





(and tan  > 1). The
shift in the allowed region is shown in Fig. 5.12 for 
s
= 0:5 and 
s








can be heavy  150 GeV [122, 123, 156] when loop corrections are added. (See also Ref. [157].)
5.7 Conclusions













, and universal initial conditions. Also, we explicitly included
the correlation between the t-quark mass and the weak angle from electroweak precision data. Within
that framework, only tan   1 and large tan regions are allowed. In the large tan region (which









is bounded by the triviality bound, and is probably not interesting for Higgs searches at
LEPII.




nearly vanishes, but grows with m
pole
t
. The loop correction















grows, the overall factor of m
4
t
can compensate for that eect. The enhancement
due to the large mixing is further constrained by requiring the physical vacuum to correspond to the
global minimum of the full scalar potential. We nd that for parameters corresponding to large mixing
there is usually a color breaking minimum, but in many cases this is only a (presumably harmless) local
minimum. We also pointed out that a two-loop ambiguity in the calculation of the Higgs boson mass











160 (175) GeV. (We briey discussed two-loop calculations in section
5.4.5, where we concluded that such a calculation will most probably strengthen the upper bound.) The
Higgs boson mass in the class of models characterized by tan   1 is then almost certainly within the
reach of LEPII (and possibly within the reach of the Tevatron [153]). Furthermore, the Higgs boson is
typically lighter than the upper bound, and may be light enough to still be discovered at LEPI.






GeV, and further requiring tan 
>

1:1 (which is the case if the divergent limit is to be avoided, i.e., if





155 GeV. Eq. (2.9)
and, in particular, the structure of the radiative corrections to the Z ! b





is not much larger. (The latter can be evaded only if both the t-scalar and the Higgsino are light,
which is not very likely in our case.) Also, we were able to understand the smallness of the parameter
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1). In section 5.6 we briey examined extended Higgs sectors, and
pointed out that the Higgs mass is a possible probe of such extensions if m
pole
t
(and/or tan ) is known.
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Figure 5.1: The allowed region for tan   1. The t-quark pole mass m
pole
t
is in GeV. The lower bound
on tan  is from h
t
< 3 at the GUT scale, and the upper bound from bottom-tau unication (including
theoretical uncertainties). tan = 1 is indicated for comparison. For tan < 1 no model with universal
boundary conditions is possible.
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Figure 5.2: The prediction for the Higgsino mass parameter  (after absorbing V in the redened
tree-level parameters) as a function of (a) the t-quark pole mass and of (b) tan . (The t-quark mass
and tan  are strongly correlated.) Filled squares indicate (probably unacceptable) points for which the
SM minimum is only a local minimum. (All masses are in GeV.)
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Figure 5.3: A scatter plot of the Higgs boson mass (calculated in the EPM with the subtraction scale Q
at the Z-pole) vs: the t-quark pole mass. The  indicate points which have no (potentially dangerous)
negative-energy color and/or charge breaking minimum. The  have such a minimum but it is a (safe)
local one, i.e., it lies above the standard-model minimum. Points indicated by a lled diamond have an
unacceptable CCB global minimum. The Z mass is indicated for comparison (dashed line). All masses
are in GeV.
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Figure 5.4: Same as in Fig. 5.3 except the mass is calculated using the RGM (numerically).
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Figure 5.5: The EPM (with the subtraction scale Q at the Z-pole) calculation of the Higgs boson mass
is compared with the mass calculated in the RGM but using the Haber and Hemping leading logarithm
formula. All masses are in GeV. Points corresponding to global GCCB minima (indicated by a lled
diamond in Figs. 5.3 and 5.4) are omitted.




















Figure 5.6: Same as in Fig. 5.5, exceptQ = 600 GeV and the RGM calculation is carried out numerically.
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(a) 155 < mt
pole
 < 165 GeV







(b) 165 < mt
pole
 < 175 GeV









(c) 175 < mt
pole
 < 185 GeV
Figure 5.7: The Higgs boson mass (in GeV) distribution in a sample Monte Carlo calculation (using the
EPM with the subtraction scale Q at the Z-pole) for the t-quark pole mass in the range (a) [155; 165],
(b) [165; 175], (c) [175; 185] GeV.
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(a) 155 < mt
pole
 < 165 GeV







(b) 165 < mt
pole
 < 175 GeV









(c) 175 < mt
pole
 < 185 GeV
Figure 5.8: Same as in Fig. 5.7 except for the omission of points which correspond to a global color
and/or charge breaking minimum (marked by a lled diamond in Fig. 5.3). For comparison, the shaded
areas indicate points which are consistent with the constraint (13) (marked by a circle in Fig. 5.3).
The dierence between the two distributions is points with only a local CCB minimum unnecessarily
excluded by (13) (marked by open diamonds in Fig. 5.3).
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(a) 155 < mt
pole
 < 165 GeV







(b) 165 < mt
pole
 < 175 GeV









(c) 175 < mt
pole
 < 185 GeV
Figure 5.9: Same as Fig. 5.7 except for substituting the t-quark running (rather than pole) mass in the
mass expressions for the scalars.
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(a) 155 < mt
pole
 < 165 GeV







(b) 165 < mt
pole
 < 175 GeV
Figure 5.10: Same as in Fig. 5.7a-b except using the RGM (with numerical integration). The distribu-
tions omitting points which correspond to a global color and/or charge breaking minimum (marked by
a lled diamond in Fig. 4) (lightly shaded areas) are also indicated, and should be compared with the
total (shaded and unshaded) areas in Fig. 5.8. (For a t-quark heavier than about 180 GeV the 1HDM
assumption that underlies the calculation is not always accurate.)
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Figure 5.11: The upper bound on the Higgs boson (MS) mass m
h
0




are in GeV). In the constrained case tan  is constrained by bottom-tau unication as in Fig. 5.1. The
general case is for all tan (consistent with electroweak breaking). Note the local minimum in the




The upper bound curves are derived using Monte Carlo methods and are not rigorous. Generic upper
bounds in the MSSM and in non-minimal models (NMSSM) derived from perturbativity considerations
are shown for comparison. Also shown a suggestive lower bound in the non supersymmetric case (we
use 
s
= 0:125 in the formula of Sher).
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= 0. The allowed area when there is no singlet eld (
s
= 0) is shown for comparison (shaded
region). The t-quark pole mass (given in GeV) range suggested by precision data and tan  = 1 are
indicated (dotted lines).
Chapter 6
Generation and Implications of Non-Universal Soft Parameters in Supersymmetric
Grand-Unied Models
6.1 Introduction
It was recently pointed out [23] that in minimal supergravity type models [14, 9] the model-dependent
renormalization of the soft mass parameters between the Planck scale M
P





 2  10
16
GeV can signicantly modify the boundary conditions for these
parameters at M
G
. In particular, contrary to the standard working assumption of universality at M
G
(e.g., that we used in chapter 5), specic patterns of non-universality are induced at M
G
even when
the soft parameters have universal boundary conditions at M
P
. Hence, low-energy predictions and
constraints in the minimal supersymmetric extension of the standard model (MSSM) are subject to
model-dependent modications. Regions of the parameter space that are of interest to present and
future collider experiments (and also for indirect searches, e.g., in Z ! b

b) may change and/or be
smeared, requiring one to assign uncertainties to the MSSM low-energy predictions. On the other hand,
the discovery of superpartner and Higgs particles could provide new and exciting hints on the physics
near the Planck scale.
In general, as a result of the GUT eects the soft mass couplings can be dierent at M
G
for elds
which are in dierent representations of the unied gauge group. This is due to (i) the dierent charges
assigned to dierent representations and (ii) the dierent Yukawa interactions of the dierent elds.






)  5%, then the
eects are negligible. However, the above argument does not hold, regardless of the size of the Yukawa
interactions, if large representations are present. In such a case, the unied coupling 
G
is multiplied by
a large number and the eect of Planck to GUT scale evolution can be signicant [158, 23]. Furthermore,
in Ref. [23] it is shown that top and bottom Yukawa couplings, as well as GUT-scale Yukawa couplings,
which have to be large to avoid a too rapid proton decay [74, 76], can also induce large deviations from
universality at M
G
. In particular, the soft supersymmetry breaking (SSB) parameters related to the
light Higgs elds can be signicantly dierent from those related to the matter elds due to the dierent
Yukawa interactions. Thus, non-universal boundary conditions at M
G
are generic even in models with
small GUT representations. (It should be emphasized that universality of the soft mass parameters was
assumed, but at M
P
.) Moreover, once non-universality exists atM
G
, and if the rank of the gauge group
is higher than that of the standard model (SM) group, then non-vanishing D-terms [159] exist [160].
The D-terms, which are charge dependent, induce a secondary breaking of universality.
Given the above, one may then question the motivation to assume universality at any scale. The
most important motivations to assume universality are that relaxation of this assumption is subject to
strong constraints from avor changing neutral currents (FCNC) [161], and that for arbitrary boundary
conditions any predictive power is lost. On the other hand, the identication of the universality scale
with M
G







renormalization of the parameters leads to restricted patterns of non-universality at M
G
.
In particular, the super-GIM mechanism suppressing FCNC in the MSSM [10] need not be altered
if Yukawa couplings of the rst and second families remain negligible at all scales. In addition, the
predictive power is altered but not lost. In SU(5) models, one has to introduce at least two more
Yukawa couplings, and for higher-rank groups, e.g., SO(10), a new parameter is needed to account
for the magnitude and sign of the D-terms. The deviations from universality at M
G
are not arbitrary
but are calculable in terms of the new parameters. However, the interference between the dierent
corrections, e.g., those from Yukawa interactions and those from D-terms (and in particular, if higher
order gravitational corrections are not negligible), can render it dicult to disentangle traces of the
high-scale theory in the low-energy physics.















fact, our discussion is independent of any assumptions regarding universality of the bilinear couplings
B
i







coupling constant unication.) Note that the universality of the gaugino masses above M
G
is trivial
if the GUT group is simple. For simplicity, we assume in most of our calculations the minimal SU(5)
model [7, 10]. However, extended models, including models with non-vanishing D-terms, are studied
qualitatively. The eective theory below M
G
is assumed to be the MSSM with the appropriate M
G
matching conditions. We then study the dierent patterns of non-universality which are induced at
M
G
, their propagation to the weak scale, low-energy implications and implications for model building.








= 180 GeV, tan  = 42;
for the t-quark pole mass m
pole
t




i. We choose these points because of the
large t and b quark Yukawa couplings, i.e., h
t











, respectively. Also, because
of the large Yukawa couplings, points (a) and (b) are consistent with bottom-tau unication and with
minimal SU(5) (see chapter 4). For intermediate values of tan the eects are a superposition of those
for points (a) and (b).
It was recently suggested that non-universality of the soft terms is a typical signature of some string









, and the universal or non-universal boundary conditions are derived from the string theory
atM
S










fails for the MSSM. String inspired non-universality is studied in Ref. [164]. In particular, Kobayashi




 20 discrepancy. If one assumes that the string theory










We review the possible patterns of non-universality and compare their generation via radiative
corrections to the radiative symmetry breaking mechanism in section 6.2. We also demonstrate that








evolutions of the soft parameters
and their resulting hierarchy: It is determined by the competition between the gauge charge and
1
That choice maximizes the eects. Universality at a lower scale would lead to lesser but similar eects. We do not
consider gravitational eects other than those which induce the universal soft terms. Higher order gravitational eects
could add to the uncertainty.
100
Yukawa interactions of the relevant eld and by the asymptotic freedom of the model. In section 6.3
we discuss the weak-scale phenomena. In particular, we elaborate on the propagation of non-universal
corrections from M
G
to the weak scale; on the distinction between physical (bottom-up approach) and
model-building (up-down approach) parameters; and on the implications for the rst and second family
scalars, the  parameter, the Higgs sector, and third family scalars. We nd that some low-energy
parameters, such as the  parameter and the t-scalar mass, can be signicantly modied while others,
e.g., the SM-like Higgs boson mass, are nearly invariant under minimal SU(5) type corrections. We also
point out the tan -dependent modication of the allowed parameter space and of correlations between
dierent observables. Future observations of the signatures described could support the existence of
an intermediate GUT. Their absence, on the other hand, could indicate direct unication, but also
interference between dierent eects or small values for the new parameters. Our conclusions are
given in Section 6.4. The minimal SU(5) model is dened in section 1.3. Our numerical procedures
are described in Appendix A. The boundary conditions for 0  m
0







 500 GeV, are picked at random, unless otherwise stated. We do not minimize the full
scalar potential in order to eliminate color breaking minima that survive the upper bound on jA
0
j
(Appendix D). That may aect the status of some points with a particularly large value of the 




. For tan  = 42 some points could induce
positive corrections to the b-quark mass of more than  20% and are omitted (smaller corrections could





results presented are based on the published results Ref. [23, 24]. Threshold corrections (due to the
ambiguity in M
G
) are described and discussed in Ref. [23, 24].
Rather than restrict oneself to the patterns described in section 6.2, one could adopt a more phe-
nomenological approach to non-universality by postulating certain universality breaking patterns. For
example, Dimopoulos and Georgi considered dierent boundary conditions for the matter and Higgs
bosons [10]. Similar approaches were adopted recently by several authors. In Ref. [165] a split at M
G
between the light Higgs and matter elds is considered [but mainly in the context of SO(10) scenarios].
In Ref. [166] patterns of non-universality desired in certain SO(10) models are studied. A general dis-
cussion of non-universal scalar potentials atM
G
was recently given in Ref. [167]. Other recent studies of
non-universality were carried out in Ref. [168]. Where relevant, the conclusions of these authors agree
with ours.
6.2 Patterns of Non-Universality at M
G
Before discussing the way in which the Planck to GUT scale evolution of the soft mass parameters can
induce large deviations from universality atM
G
, it is useful to recall the more familiar way in which GUT





symmetry [91] [often called the radiative symmetry breaking (RSB) mechanism]. In
both cases large Yukawa couplings play a similar role and lead to similar behavior of the SSB parameters.
The RSB mechanism is easily understood if one writes the approximate renormalization group equations
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), and ~g are the down
and up type Higgs doublet, right-handed t-scalar, left-handed scalar-quark doublet and the gluino,









U + ::: For simplicity we omitted A-term contributions in (6.1). We also neglected
all terms aside from the QCD and h
t
Yukawa terms which typically dominate the evolution. (As we
discuss below, in some cases the h
b
term can be equivalent to the h
t
term and has to be considered



































is not renormalized in this approximation.) The global minimum of the weak-scale Higgs potential is
























 2jBj), which is indeed the situation for O(M
2
Z







. Also, there are no tachions in the theory. The situation is, of course, more complicated
when including all terms, but is qualitatively similar to the above approximation.
For future reference, recall that (6.1) is independent of either  or B (see chapter 5). The decoupling
of  from the SSB parameters and of B from all other SSB parameters holds in general. This enables












































can be traded for tan and  is predicted as a function of the SSB parameters and of  (see





140 GeV { see chapter 4.)




evolution for the colored scalar parameters





evolution (in practice, it dominates over the H
2
weak and hypercharge gauge terms).
Thus, a large hierarchy is generated at the weak scale, even when assuming universal scalar masses as
the GUT scale boundary condition for (6.1). Let us now write in a similar fashion the RGE's in the









































































































, 10 (and 5) are the

5 and 5 SU(5) Higgs representations and 10 (and

5) of the third
generation, respectively. For simplicity we omitted in (6.5) SSB parameters related to the adjoint eld





are the SU(5) gauge coupling and gaugino mass. The Yukawa coupling
2








5 eld or with
the parameter M
5
dened in chapter 3.
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superelds to the adjoint supereld , and is dened in section 1.3. Note
that the introduction of larger representations typically implies larger numerical coecients. The GUT
eects in the minimal SU(5) model can be read from (6.5) and are described by the following patterns:
If h
t
   1 at M
G





, so the one-loop




squared soft masses signicantly
while the h
t




















rather than at M
Z
















First and second family scalar masses are renormalized to a very good approximation only by gauge
interactions, and hence are slightly heavier than the third familym
2
5
(which is renormalized, in practice,
by the h
b
term). More importantly, in this scenario the gauge interactions do not lift the degeneracies
between the rst and second family SSB parameters and the MSSM super-GIM mechanism is still intact.
Pattern (i) would now serve as a non-universal boundary condition to (6.1). As can be seen in Fig. 1a




can be driven to near zero values already at M
G
, and in principle,
RSB could be achieved for small values of h
t






proceeding, let us stress that the hierarchy between the dierent SSB parameters indeed depends on
the gauge charges and on the size of the Yukawa couplings. However, whether the parameters grow or














]. If the ratio is larger than unity,
then typically all the parameters grow with decreasing energy. This is true in general and is seen [for




















)] and in Fig. 6.2,
here. (This is always the case for the rst and second family scalars.) If both, h
t
and , are large, as











The GUT eects leading to pattern (i) are a mismatch of eects due to the large  and to the large
h
t














) is small (i.e., tan 
<


















The splitting between the Higgs and matter sectors depends, as before, on the size of . (We comment




















[88] and hence   1. Thus, patterns (i) and (ii) completely characterize that model.





































It is convenient to relate the dierent patterns (or GUT eects) to values of tan. Patterns (i) and
(iii) correspond to low tan  1   2, i.e., choice (a). Patterns (ii) and (iv) correspond to moderate
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Table 6.1: Patterns of non-universality in the minimal SU(5) model.   0 could lead to a too rapid
proton decay via dimension-ve operators.
tan  range Pattern (  1) Pattern (  0) choice
low (1   2) (i) (iii) (a)
intermediate and large (
>

50) (ii) (iv) (b)










180 GeV and large tan   50   60. Eq. (6.5) now has an additional Yukawa term previously
neglected: The h
b
term. This again leads to pattern (ii), however, the corrections are now enhanced




, are large, and unless one assumes a small  and a
























. That situation is similar to the one in the minimal SO(10) model in
which the Higgs 5 +

5 of SU(5) are embedded in a single 10 of SO(10) (and 10 +

5 in a 16). Yukawa













corresponds to a moderate version of this scenario. A scenario corresponding to (b) is illustrated in Fig.
6.4. Of course, in SO(10) the RGE's have slightly dierent slopes than in our case, and the magnitude
of the splittings calculated in SU(5) can only approximate the actual splittings in SO(10). The dierent
patterns and their dependence on tan  are summarized in Table 6.1.
We now turn to examine the situation in some extended GUT models. When considering extended
models one could assume a higher rank group, additional (and/or larger) representations, or both. As





strength to the other Higgs superelds [below we refer to this scenario as non-minimal SU(5)]. One































. In fact, we conrmed that the splitting in (v) can be arranged (for i = 1)
so that RSB is possible in that case. For example, in the SU(5) missing partner model (MPM) [169],










50)+... Proton decay constraints in








with   M








However, some caution is in order. One has to keep in mind a possible breakdown of perturbation theory
when large representations (or a large number of small representations) are present. For example, the
MPM is not asymptotically free and the gauge coupling typically diverges below M
P
. (Texture models
often assume large representations when trying to explain the light fermion spectrum and may not be
asymptotically free as well.) In general, one needs to develop non-perturbative techniques in order to
calculate the GUT eects on the SSB parameters. In non-asymptotically free but still perturbatively







Before turning to discuss higher rank groups, the M
G
















































) are the left-handed scalar quark and lepton doublets, and U ,
D and E are the right-handed t; b; and  -scalars, respectively. Similar relations hold for the rst




both depend on  and are
correlated. In non-minimal models, e.g., the MPM, they are independent parameters. Condition (6.6)




. However, since not all heavy elds are
degenerate at M
G
the splitting between the heavy masses induces, via one-loop threshold corrections,
a secondary non-universal shift of the soft parameters, regardless of their initial universality [23].
That mechanism is similar to the one for threshold corrections for dimensionless couplings, e.g., see
















and are not suppressed. One-loop threshold corrections could
smear (but do not destroy) the above patterns, and are discussed for the minimal SU(5) model in Ref.
[23, 24].
If the rank of the GUT group is higher than that of the SM group [or for that matter, of SU(5)], i.e.,
higher than four, non-universality at M
G
would, in general, trigger non-vanishing D-terms [159, 160]
that could correct the M
G
boundary conditions. (The D-terms appear at the scale at which the rank
of the group is reduced.) It is important to stress that had we assumed universality at M
G
then the
D-terms would have vanished leaving the universality assumption intact [160]. We consider, as an
example, the minimal SO(10) model which now depends on an additional parameter { the magnitude
(and sign) of the D-terms M
2
D
, which can be shown to be of the order of the soft mass parameters. In















































































could be split at M
G
according to the sign of M
2
D
. [Note the SU(5)
invariance of (6.7).] A situation similar to (6.7) could arise in a SU(5)  U(1) model.
Below, we discuss the minimal SU(5) model [patterns (i)  (iv)] as well as non-minimal SU(5) and
minimal SO(10)-inspired extensions [pattern (v) and Eq. (6.7), respectively]. Our choices of points (a)
and (b) correspond (for   1) to patterns (i) and (ii), respectively. Hereafter, that correspondence
is understood when discussing low and large values of tan . The latter can be used as a crude ap-




are both small) are also described by patterns (ii) [and (iv)] and typically the splittings are somewhat
diminished.
6.3 Weak-Scale Phenomena
In the previous section we presented four patterns of M
G
boundary conditions, that uniquely dene
non-universality in the minimal SU(5) model (up to threshold corrections). In order to analyze their




. For the scalar
4
The tree-level SSB parameters shift the GUT-scale vacuum expectation values and redene , B (recall that we are
not required to specify these parameters at the high scale), as well as induce the D-terms [170, 159, 160].
5













, Q and U that couple with a large Yukawa coupling (h
t
), the GUT corrections are usually





































Figs. 6.1 { 6.4 show the scale evolution of the soft scalar mass parameters. The solid (dashed) line




evolution is included (neglected). Note









is large. This is apparent, in particular, in Figs. 6.1 and 6.3. In Fig. 6.2, however, the


















)  20%. This eect is especially important for the colored scalars: The gluino mass grows





colored scalars receive large radiative corrections via gluino loops { see (6.1). GUT corrections from the









evolves more slowly with the scale and can have important




for any value of tan). m
2
Q;U


















with the energy scale) which is smaller when the GUT
eects are considered.








parameter [see Eq. (6.3)] and the masses of the third family scalars. The actual magnitude of the GUT













is traded for tan  using (6.4). The parameters are assumed to be real and A
0
(and ) can
have either sign. For xed fermion masses [and SU(5) Yukawa couplings] this set is enough, using
renormalization group techniques, to predict all the low-energy observables, i.e., up-down approach.
Applying a specic set of values to these parameters as a boundary condition at M
P
[i.e., to Eq. (6.5)]
or at M
G
[i.e., to Eq. (6.1)] can lead to a quite dierent mass spectrum. This is shown in the rst and
second columns of Tables 6.2 { 6.5 for the scenarios illustrated in Figs. 6.1 { 6.4. We list in Tables
6.2 { 6.5 the universal gaugino and scalar masses and the trilinear parameter, along with the weak-
scale predictions for the  parameter, the gluino, chargino and LSP masses, the LSP eigenvector bino,
wino and two Higgsino components, the heavier neutralino masses, the light and heavy Higgs boson
masses, rst and second family scalar quark ~q and lepton
~
















, and third family scalar lepton masses, respectively. In the last two columns of
Table 6.5 we list scenarios with non-vanising D-terms, e.g., in SU(5)U(1). They also provides a crude
approximation of the minimal SO(10) scenario. Note that M
2
D
6= 0 splits ~q,
~
l, etc. according to their









, respectively. The latter is the minimal
value still consistent with EWSB for the given set of parameters. Tables 6.2 { 6.5 give quantitative
examples of the GUT corrections. Note large deviations for observables that depend on the  parameter
(such as the Higgsino masses and components) and for the stop and sbottom masses.
Nevertheless, the free parameters of the model have to be extracted from low-energy experiments.








evolution and that eect leads to an additional















Table 6.2: The low-energy spectrum is calculated for m
pole
t
= 160 GeV and tan  = 1:25, assuming
universality at the listed scale.  = 1 (and 
0
= 0:1) at M
G
. The  implies a rough average of the
relevant masses. Equal values of the model building [low-energy] parameters eq. (6.8) [eq. (6.9)] are
used in the rst and second [rst and third] columns. The rst and second columns correspond to Fig.















165, 987,  2 165, 987,  2 180, 991,  0:64





































































729,  999 986,  995 993,  999
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400, 0, 0 400, 0, 0 436, 219, 0.67









































64,  2097 62,  1808 63,  2081
m
~q


























309,  382 157,  289 277,  382
Table 6.4: Same as in Table 6.2 except (M
G















175, 375, 1 175, 375, 1 191, 387, 0.73





































































340,  410 381,  395 394,  410
108
Table 6.5: Same as in Table 6.2 except m
pole
t
= 180 GeV, tan  = 42, and it corresponds to Fig. 6.4.



















89, 977, 0 89, 977, 0 96, 978, 0.07 89, 977, 0 89, 977, 0
  645  214  225  849  563
M
~g










40 35 38 40 40
a
11
0.9976 0.9709 0.9739 0.9986 0.9968
a
12
0.0107 0.1408 0.1279 0.0049 0.0153
a
13
 0:0469  0:1221  0:1162  0:0362  0:0532
a
14
















114,  492 113,  567 114,  568 114  920 114,  220
m
~q


























818,  910 803,  869 804,  897  592, 919 793,  985
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This basis is also convenient because the boundary conditions at M
G
can easily be obtained from the
parameters (6.9). Comparing now, for a given value of (6.9), the low-energy predictions when the GUT
eects are included (rst column in Tables 6.2 { 6.5) with those when the GUT eects are neglected




region (Table 6.3). Using





(see Fig. 6.2 and comment above). Although the choice (6.8) is the relevant one when speculating on
the origin of the SSB parameters, it will be (6.9) or a similar basis from which the value of the SSB
parameters will be extracted once supersymmetry is established.
Below, we study in more detail the way in which the predictions from naiveM
G
universal boundary
conditions are smeared and modied by the non-universal GUT corrections. Our aim is to study the
uncertainties and new regions of parameter space that could be opened by those uncertainties. For




can now be consistent assuming pattern
(v). We focus on our choices (a) and (b) given in section 6.1.
6.3.1 First and Second Family Scalars
Since the Yukawa couplings of the rst and second family of squarks and sleptons are small, they can be
neglected in the RGE's, i.e., only the gauge contribution is relevant for the rst and second family scalar
masses. The RGE's can be solved analytically and the physical scalar quark and lepton (
~
f) masses in














































are the third component of SU(2)
L
isospin and the electric charge of f
L;R
,





















































can constitute the dominant contribution to
the ~e
R




masses. For SO(10) D-terms, the magnitude
of the GUT correction depends on M
2
D





> 0, leads to strong constraints on M
2
D
from below and above that can be easily
obtained from Eqs. (6.7) and (6.10).





























































= 0 for the
7





and the physical observables is straightforward, this is not the case for




). Nevertheless, the latter two can always be determined as a function of physical observables such as

















are less apparent when the basis (6.9) is used instead of the basis (6.8).
6.3.2 The  Parameter































are the shifts in the soft Higgs masses at the weak scale due to the GUT eects.








is reduced at M
Z
(Fig. 6.3) and, thus,
























is small) and  can receive large corrections. The value of jj is always increased (for large




< 0. In Fig. 6.5 we compare the predictions of  when universality
is assumed at M
P
with those when universality is assumed at M
G
, for dierent random points of the
parameter space dened by (6.8).  depends on the sign of  because of the weak-scale one-loop






). In Fig. 6.6 we show the distribution of the  predictions
in a sample of Monte Carlo calculations. One can see that the distribution is slightly changed. The
dierences in the integrated area of the histograms give an estimate of the changes in the allowed
parameter space.
Thus, minimal SU(5) eects lead generically to a larger jj [for low values of tan the value of
jj can be reduced (Fig. 6.5a), but  is very large in this case and the eects are not important].
This feature is lost when extended GUT's are considered. 
2










] > 0, a
condition can be obtained in the extended GUT's considered in section 6.2. In the large tan  regime,
however, one also has to consider the implications to EWSB. From the minimization conditions of the




































< 0 such that (6.13) is more easily satised. In the GUT's




< 0, which leads to an




> 0. In the extended GUT's considered,








> 0 and the
EWSB is more dicult to obtain (requiring even more ne-tuning). In fact, for a given point in the








(that is strengthened when tan increases).











, the EWSB is even more












. Thus, GUT eects can ease EWSB
(for large tan), but in that case,  is increased.
8






< 0 (when including loop corrections) leads to an unacceptable minimum. Note that
we plot (in Figs. 6.1 { 6.4) the tree-level soft mass parameters.
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The fact that  is extracted from (6.3) and is usually larger than M
Z




) and neutralinos (
0
1
{ the LSP { and 
0
2
) are mostly gauginos. As we have shown, this







depend mostly on M
1=2




evolution can enhance M
5
and thus the gaugino masses by  10%. Using the basis (6.9), however, the
gaugino masses can be written as a function of M
~g
, i.e., independent of the scale.
6.3.3 The Higgs Scalars
The masses and mixing angles of the Higgs bosons in the MSSM can be written as a function of two



















are relevant. A shift in the





























is similar to that of 
2
discussed in the previous section. For


























The mass of the light Higgs boson h
0
receives large radiative correction induced by loops involving

















; ; tan ]) and can be changed if either the diagonal
or o-diagonal entries in the stop mass matrix are shifted by GUT eects (section 6.3.4). The eects
are negligible for tan 
>

2 where the Higgs boson is heavy at tree level. However, for a light tree-level




by a few GeV (see Table 6.4). The cancellations depend on the sign of the  parameter.
In Figs. 6.8 and 6.9 we show the distribution of the light Higgs boson mass. One can note that the
distributions are only slightly sensitive to the GUT corrections so that previous calculations (e.g., see
chapter 5) of the predictions of m
h
0
in SUSY GUT's are not altered. (Fig. 6.8, here, roughly corresponds
to Figs. 5.9a and 5.10a.)


















can be bounded from below and above.
6.3.4 Third Family Scalars
As explained above, the masses of the scalars of the third family can be signicantly modied by the
GUT eects due to a large h
t
(there are also gauge GUT eects that are the same as those to the rst














, and (iii) the  parameter (section 6.3.2) and A
t;b;
that enter in the left-right
mixing term of the scalar masses. The dierent eects compete with each other and can increase or
decrease the masses.








, is usually smaller than the
mass of the other squarks and can induce signicant one-loop eects in low-energy processes such as
Z ! b












grow larger at M
Z





enhanced. It follows that some points of the parameter space which correspond to a tachionic t-scalar
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evolution is neglected, can be allowed. In Fig. 6.10 we compare








evolution. We nd signicant corrections in the
























, since (ii) is still















. Since these splittings can




cannot be reduced signicantly.
For the sbottom and stau we nd that the eects (i) and (ii) can be equally important and their
masses can increase or decrease depending on the point in the parameter space (see tables).
6.3.5 Possible Implications
To conclude our survey of the weak-scale phenomena, we summarize the possible implications of the





one typically predicts heavier particles, but which are still in the mass range
accessible to the next generation of collider experiments. For example, the scalar leptons could be
substantially heavier (see Table 6.3). More interestingly, correlations between the dierent parameters
are modied (see also [23]), i.e., correlations calculated assuming universality atM
G
could be misleading
and should not be used to constrain the parameter space. Smeared correlations imply less EWSB-related





shown [for choice (a)] in Figs. 6.11 and 6.12. It is typically heavier when considering the GUT eects
and its correlation with the 
+
1
mass (or for that matter, with the gluino mass { see Fig. 3 of Ref. [23])




mass eigenvalue is strengthened. For choice (b) the
~
t masses are only
slightly altered but 
+
1
could be heavier. In Fig. 6.13 we examine the Higgsino fraction of the LSP for
choice (b), which is relevant, e.g., for relic abundance calculations. The larger Higgsino mass implies













lead to a stronger
decoupling of the supersymmetric particles from low-energy processes, e.g., from Z ! b

b.
In extended GUT models the restrictions on the parameter space from EWSB are somewhat relaxed.
In particular, values of m
pole
t




may be consistent with EWSB. Non-
vanishing D-terms lead to both some lighter and some heavier particles in comparison to the situation
with vanishing D-terms. They could also lead to a lighter Higgsino which, as discussed above, is an





eects are diminished (see Table 6.5). Also, in the extended models studied the amount that the 
prediction can be diminished by GUT eects is strongly constrained (unlike in some ad hoc cases studied
in Ref. [165] { [168]). We conclude that if able to observe the 5 25% GUT eects, e.g., from correlation
measurements, collider experiments could directly probe the GUT scale physics. That is a non-trivial
task and it would depend on the experimental resolution as well as on the region of parameter space
nature chooses.
6.4 Conclusions
Above, we examined the eects of a grand-unied symmetry between the Planck and GUT scales in the











GeV. In addition, we had to specify the GUT assumed. We analyzed these
assumptions assuming the minimal SU(5) model and found potentially large deviations from univer-
sality for the SSB parameters at M
G
. In particular, we emphasized the role of large Yukawa couplings
which are generic in such models. We further cataloged the possible patterns of non-universality in
that model and examined in great detail their implications to the weak scale phenomena. We found
potentially large corrections (in comparison with the working assumption of universality at M
G
) to
the allowed parameter space, the  parameter and to the third-family squark spectrum. These are all




evolution of the light Higgs elds. In the gaugino-dominated cases
(e.g., in no-scale models) large corrections to the scalar-lepton masses are also possible. The Higgs,
Higgsino-gaugino and the rst and second family squark sectors are relatively insensitive to the GUT





evolution of the Higgs SSB masses in non-minimal SU(5), as well as the appearance
of non-vanishing D-terms in SO(10). In both models correlations are further diminished and EWSB
constraints are more easily satised. However, EWSB still plays an important role in constraining, e.g.,
GUT eects that could diminish . Implications of the above to experiment were already summarized
in section 6.3.5. Typically, GUT eects lead to a 5  25% uncertainty in MSSM predictions.
Lastly, let us consider the implications for the predictive power of the MSSM. Assuming minimal
SU(5) two additional parameters are needed (only one of which plays an important role). In non-
minimal SU(5), SU(5)  U(1) and SO(10) three or more new parameters are needed. The more
parameters the model has, the larger role GUT eects could play in weak-scale phenomena but the
less predictive is the model. On the other hand, when adding only a small number of new parameters
the eects for dierent SSB parameters are correlated, and thus, constrained (e.g., by EWSB). The
predictive power is further altered when considering threshold corrections [23, 24, 171] which, in general,
smear (but do not destroy) tree-level patterns, e.g., described in section 6.2. In extended models
threshold corrections could be more important if more and larger representations are present. Also,
perturbation theory could break down in these models and one would need non-perturbative methods
to calculate the GUT eects.
GUT eects in the SSB parameters are generic, leading to non-universal patterns dierent than those,
e.g,. in string theory, and could probe the GUT-scale physics. However, they are model-dependent and
lead to uncertainties in any model-independent analysis, which typically assumes universality at M
G
.
Until supersymmetry is established and characterized, the eects have to be considered as uncertainties
to supergravity GUT model predictions.
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Figure 6.1: Evolution of the soft parameters m
2
i









considered (solid lines) and neglected (dashed lines), plotted vs: the logarithm of the energy scale. The




, respectively) are M
1=2








GeV, and choice (a): m
pole
t




























Figure 6.2: Same as in Fig. 6.1 except M
1=2

























Figure 6.3: Same as in Fig. 6.1 except M
1=2































Figure 6.4: Same as in Fig. 6.1 except M
1=2
= 89 GeV, m
0
= 977 GeV, A
0




= 180 GeV and tan  = 42.
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= 160 GeV, tan  = 1:25 and for (b) m
pole
t
= 180 GeV, tan  = 42
(note the dierent scales). (M
G











the sign of  are picked at random (see above).
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GeV and tan  = 1:25 and assuming (i) universality at M
G


























Figure 6.7: Same as in Fig. 6.6 except m
pole
t
= 180 GeV and tan  = 42. (Note the dierent scale.)
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Figure 6.11: Scatter plot of the light chargino 
+
1




mass eigenvalues (in GeV)
within the allowed parameter space (see above) and for m
pole
t
= 160 GeV and tan  = 1:25. Filled
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= 180 GeV and tan  = 42.
Chapter 7
Conclusions and Future Outlook
In this dissertation we studied in detail various low-energy aspects of supersymmetric theories, and, in
particular, of supersymmetric grand-unied theories. We chose the MSSM and the minimal supersym-
metric SU(5) and SO(10), all of which are described in chapter 1, as prototype models. Using the data,
which is surveyed in chapter 2, we conclude that the relations examined (chapters 3 and 4), i.e.,










































are all consistent with the data when assuming the MSSM (but not the SM or extensions of either the
SM or MSSM with many Higgs doublets) as the eective theory below the GUT scale. The Yukawa







0:12] only for large t and b-quark Yukawa
couplings. The large Yukawa coupling assumption results in additional structure, e.g., the quasi xed-
point convergence, custodial symmetries in the Higgs sector, important GUT eects and new local
(sometimes global) minima of the scalar potential along dangerous directions.
If nature is indeed supersymmetric, one has an additional probe of the Planck scale, i.e., the SSB
parameters. We have shown that Yukawa unication (i.e., requiring large Yukawa couplings) constrains





110 GeV on the Higgs
boson mass (chapter 5). We also argued that, in general, the SSB parameters do not have universal
boundary conditions at M
G
. This is due to the potentially important GUT renormalization eects
(chapter 6). Thus, the soft scalar masses (and not only the SM fermion masses) should bear traces of a







the t-scalars. These GUT eects are enhanced when considering either Yukawa unication or loop-level
proton decay (both lead to the large Yukawa coupling assumption).
In our studies we paid special attention to the theoretical uncertainties in the calculations. For
gauge and Yukawa couplings we included one-loop threshold and nite corrections due to the Higgs, su-
persymmetric and superheavy spectra, and from conversion and nonrenormalizable terms, respectively.
We also treated m
pole
t
correlations explicitly. For the Higgs scalar potential parameters and masses, we
included important one-loop corrections due to the supersymmetric spectrum and GUT eects. Impli-
cations of the latter were studied in more generality. The supersymmetric threshold corrections to the
Higgs sector were studied using dierent methods and we also commented on the two-loop corrections.
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), but signicantly higher than some low-energy





known to high precision and our eective parameterM
SUSY
(which we argued is
<

300 GeV) is obtained
from observation and accounted for, coupling constant unication will still be consistent with the data,
but the predictive power of the models could be altered by requiring correction terms of a specic
magnitude and sign. The situation regarding Yukawa couplings is more complicated. A perturbation to
the respective GUT relations of the order of the light family Yukawa couplings must exist. In addition,
due to the large predicted 
s
values, one has to assume O(15%) correction terms in order to maintain
a successful prediction for the b-quark mass. (For large tan  that correction can take the form of nite
superpartner loops.) Stronger constraints on tan  are obtained (or alternatively, larger corrections are
required) in models with a right-handed neutrino supereld below the GUT scale [172]. This issue,
together with the issue of neutrino masses, is left for future studies.
Our studies suggest that the continuation of the investigation of supersymmetric models is well
motivated. We believe it should follow a three-fold approach:
1. Continued improvement of analytic expressions and of numerical calculations (e.g., a consistent
two-loop calculation of m
h
0
), as well as improving estimations of the theory uncertainties and
their model dependence.
2. Study of the soft parameters, i.e., Planck-scale scenarios for the SSB parameters and their low-
energy implications.
3. Calculation (within a specic model) of low-energy quantities that are relatively sensitive to the
new superpartner and Higgs particles. (That approach could eventually lead to a global analysis
of supersymmetric models.)
We chose not to emphasize the issue of non-universality (of the SSB parameters). Obviously, con-
sideration of such scenarios results in compromising the predictive power. It is useful to investigate
characteristics of such models (as we did), but the advantage of pursuing such studies any further
before any data (regarding the spectrum) is available is not clear.
Lastly, we pointed out (see also Appendix D) the typically complicated structure of the vacuum.
The theory contains many scalar elds and the scalar potential could have local (and global) minima
in dierent directions. That observation can be used to constrain the parameter space, as well as have
interesting cosmological implications, and it deserves further study.
Appendix A
Outline of the Numerical Procedures
A.1 The Numerical Calculation
Below, we briey describe the algorithm followed by our numerical procedures. Dierent calculations
may use dierent parts of the algorithm, or choose dierent options (we comment on the choices made
in the dierent chapters). Various numerical routines in our code are based on routines given in Ref.
[173]. The algorithm described assumes the MSSM. Its generalization to the SM, or any other model,
is straightforward. A generalization to problems which are not addressed by the algorithm below, but
which are discussed in this dissertation, is also straightforward. We use three, two, and one-loop RGE's,
respectively, for the QCD coupling below M
Z
[114], for all other dimensionless coupling and fermion
mass evolutions [174, 114], and for the soft mass parameters [174] and for all the parameters in the
SU(5) theory [23]. (Calculation of the soft parameters is being upgraded to two-loop.) All sets of
renormalization group equations are solved using the Runge-Kutta method [173].
A.2 An Algorithm for Solving The MSSM Using RG Techniques




, or if desired pick m
pole
t









3. Read tan (chapter 6), or if desired pick tan  at random [(4.6) can be used as an optional
constraint (chapter 5)] or on a grid (chapter 4).
4. Calculate Z-pole gauge and Yukawa couplings. Convert all couplings to the DR scheme [26].










; ] (assuming smooth








) is predicted in chapters 4 {
6, unless otherwise specied.]








). Repeat the relevant previous steps for
consistency. Veto nonperturbative values of the couplings. Calculate m
b
(5GeV) and veto unac-
ceptable values of m
b
using (4.5).





SU(5) couplings above M
G
(chapter 6).







]. Pick (at random, if desired) the sign of the  parameter (which is RG
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invariant). (One can choose instead non-universal boundary conditions.) Pick the scale at which
the boundary conditions are given. Read bias terms (e.g., D-terms) and the scale at which they
are to be included.
9. Guess an initial value of j
0
j
10. Scale all relevant data to M
Z
 Q  1 TeV, as desired (Q = 600 GeV in chapter 6).
11. Evolve the soft parameters to Q. Redene the Higgs potential parameters to include one-loop





necessary. Repeat until consistency or veto non-converging solutions. Conrm that for the solution
found the Higgs potential is bounded from below (or veto the solution).
12. Calculate B and B
0
.
13. Calculate one-loop corrected Higgs boson masses using EPM [141, 142, 134] or RGM [143, 144].
Calculate all other superpartner masses m(m).
14. Calculate mass eigenvalues and mixing angles.
15. Examine consistency with experimental mass bounds (see section 2.3). Conrm absence of ta-
chionic particles and neutrality of the LSP. Veto unacceptable solutions.
16. If desired, conrm absence of dangerous color and/or charge breaking minima for that solution
using either approximate analytic constraints or a numerical search (see Appendix D).
17. Calculate loop corrections, e.g.,M
SUSY
, nite-loop corrections tom
b
[or precision data parameters
(not implemented yet)]. Repeat relevant previous calculations, if desired. Veto unacceptable
points.
18. Calculate amplitudes for low-energy processes (not implemented yet). Veto unacceptable points.
19. Store solutions according to the soft parameter initial conditions (up-down approach) or low-
energy calculated parameters (bottom-up approach).
Appendix B
Implications of Recent Data
Recent data (see section 2.2.4) suggests a somewhat higher value of m
pole
t
than was previously thought
(e.g., [36, 17, 38, 21]) but well within the range which is consistent with the MSSM. This is due to
improved theoretical expressions (see section 2.2.1), more recent LEP data, the SLD data (that tends
to cancel the eect of R
b
), and the range extracted by CDF (see section 2.2.4). This is all summarized
in Ref. [35]. Given our choice of parametrization and input parameters, it is straightforward to realize
the eects of the new data. In particular, chapter 3 updates Ref. [17]. Here, we briey summarize the
most important implications of the large m
pole
t
to the analysis presented in chapters 3 { 5.
Higher values are predicted for the strong coupling. For example, B.1 shows, in greater detail, the









)  0:13 intersect with
the 
1; 2
(solid lines) unication point (no correction terms are included). A precise measurement of

s
< 0:12 would imply the failure of the unication assumption, unless O(10%) GUT scale corrections




300 GeV does not allow for large and negative low-scale
corrections to 
s
.) Because of the large possible corrections the model would still be consistent, but
less appealing.











GeV. In the small tan region (chapter 5), for values of m
pole
t









100 GeV. Note that using m
t
0
= 160 GeV (or 174 GeV) rather









 155 GeV) is in better agreement with the new data.
Triviality considerations give tan  > 1 (1:2) form
pole
t




Figure B.1: MSSM evolution of 
1; 2
(solid lines) and of 
3
(dashed lines) in the vicinity of the 
1;2








and tan = 5.


























A General Treatment of Heavy Threshold Eects







{ while at the low-scale boundary we parametrized the threshold corrections using






{ which can be computed in any model. Similar eective























) for i = 1; 2; 3: (C.1)






here is the mass of the vector (super)elds, which
we assume are degenerate. [(C.1) can be easily generalized to include non-degenerate vector masses.]
The summation is then over all massive matter { scalar and fermion (Majorana, chiral, and Dirac) {
(super)elds at the high-scale boundary. b
matter
i
is the (decoupled) contribution of these (super)elds
to b
i
. By using the M
0
i
, we lose some sensitivity to the ne details of the heavy spectrum, but are
able to examine models in which there are more and larger supermultiplets. (We will limit ourselves,
however, to consideration of simple extensions in which additional supermultiplets are decoupled at the
high-scale boundary.)




























































) + ::: ; (C.4)







can then be rewritten as

1



































We can further dene a new eective parameter M
heavy













































, and where 
ijk
is the Levi-Civita symbol, and the factor of
5
2
is introduced for consistency with (3.28).
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), which is a restatement of the
high-scale threshold positive contribution to 
1
discussed above. If we introduce more matter super-




) additional 10 (5) of SU(5) chiral
supermultiplets
1
. Each 10 (5) consists of (3; 1;
2
3
)  (3; 2;
1
6
)  (1; 1; 1) ((3; 1; 
1
3




elds, and we further allow an arbitrary split among the dierent S thresholds introduced here. For
illustration, we will also assume that the new superelds are not constrained by proton decay limits.
In practice, the extent to which they are constrained is determined by their couplings to the MSSM






























































































Such a situation can arise in models in which all matter is embedded in 27 supermultiplets of E
6
at some scale ,
  M
G
. Our assumptions imply that additional massive vector superelds are irrelevant, and that there will be no
additional Majorana massive superelds. If the E
6
model is derived from the string, then usually there are no adjoint
representations, and therefore no Majorana supermultiplets.
Appendix D
Color and Charge Breaking Minima at RG-Improved Tree Level



















where we have performed an SU(2) rotation so that H
+
2
has no vacuum expectation value. (We do not
distinguish our notation for a supereld from that of its scalar component.) It is easy to convince oneself
that only those terms in the super-potential are relevant when searching for the global minimum of the
scalar potential in the large h
t
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 \D   terms"); (D.5)
respectively. All elds were scaled  ! =h
t
and are taken to be real and positive (our phase choice
for the elds, which xed m
2
3
< 0 and   > 0, i.e., maximized the negative contributions to V ) and all

























































































= X sin cos , H
0
2
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3
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; 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4
: (D.7)




















































We only allow parameters for which a standard model (SM) minimum exists. The SM minimum
corresponds to  =

2
and  = 
0






is the angle used to x
, m
3
, as well as the Yukawa couplings). It is easy to convince oneself that in that limit the 4  4
second-derivative matrix is 2  2 block diagonal (otherwise baryon number is violated). Thus, it is
sucient to conrm that the four physical eigenvalues are positive to ensure that it is a minimum.
(This is done in our numerical calculations.) If these conditions are satised then the SM is at least a

































> 0 for the
class of models we are considering this requires   6= 0, which we assume hereafter. From (D.7) { (D.9)
it is easy to classify the possible color and/or charge breaking (CCB) minima for denite , , . One











minimum exists but has V
CCB
min
> 0 > V
SM
min





more rare case M
2
< 0, that must fall in this category) there is a negative-value CCB minimum, which



















which generalizes that of Ref. [175]. In principle, the above discussion holds for any number of elds
(i.e., any number of angles), only the explicit expressions for M
2
,  , and  are more complicated. If
constraint (D.10) holds for every choice of , , and  (cos 6= 0) then there is no negative-valued
color and/or charge breaking minimum, global (GCCB) or local. In the special case M
2
< 0 the
constraint cannot be satised and there will be a negative-energy local CCB minimum, an observation
made previously by Gunion et al. [175].
If (D.10) does not hold, further investigation is needed to determine whether the minimum is global
or local. It is straightforward to show that (D.10) is satised for sin = 0, i.e., there is no negative-
valued CCB minimum for H
0
2
= 0 for the class of models we are considering. We will therefore restrict
our attention to the case H
0
2




all elds by an additional factor of 1=H
0
2
. This simplies the discussion and enables us to examine and
generalize previous work on the subject [176, 139, 177, 175].
By inspection (D.10) cannot hold for all values of the elds and there is always (and not just for
M
2
< 0, which is hard to achieve in dangerous directions) a local CCB minimum, e.g., for M
2
= 0 (























































which is always possible because of (5.5). We conrmed this in our numerical studies, i.e., there is a






) is the global minimum. (We do not
137
consider additive constants.) Although such local minima may be of cosmological interest, the relevant
question in our case is whether V
SM
is the global minimumof the full (or more precisely, of the four-eld)
scalar potential. Similarly, we assume that positive-valued CCB minima would not be populated and
are therefore harmless. The answer has to be given by numerical mapping of all minima, but it is still
useful to review how one could derive analytic constraints from (D.10), which are typically relevant only
for specic regions of the parameter space.
































The equal eld direction was chosen so the positiveD term contribution / 1=h
2
t
vanishes. This is not a
relevant requirement for h
t
 1 (i.e., there may exist a deeper minimumwith non vanishing D terms).




























Note that if the order t
2
corrections to (D.13) are not negligible then V is less negative, which motivated
our choice t 1, i.e., the more dangerous direction. That constraint was also used by Drees et al. [139]




in their formula). We conrmed in our
numerical studies that (D.13) and not (D.12) is relevant in our case. [We found nearly all points to be
consistent with (D.12) for our ranges of the soft parameters.]
Finally, we perform numerical minimization of the potential (D.2) and map all minima using monte-
carlo routines. We nd that (D.13) is to a good approximation sucient to avoid a GCCB minimum,
but is not necessary. For example, only about 80% (15%) of the points which are inconsistent with










165 GeV). We compare the points consistent












becomes a deeper minimum. (The lower bound is related to h
t
unitarity, and that statement is




assumption.) On the other hand, jj and the negative terms in V
CCB
[e.g.,
Eq. (D.2)] diminish with increasing m
pole
t
. That interplay shifts the CCB minimum from a global to a
local minimum.













































j sharply increases with m
pole
t




































































































































1   4x(1  x)
: (D.17)












Lastly, there are two caveats. The rst is that we used in this section the (one-loop improved)
tree-level potential. However, following Ref. [145] we perform the calculations at the t-scalar scale
to eliminate large loop corrections. Secondly, a GCCB minimum may be \safe" if separated from the
local standard-model minimum by a tunneling time greater than the age of the universe [146]. Such
considerations are beyond the scope of our present work and would also require a consideration of
nite-temperature eects.
Bibliography
[1] Main contributions to the formulation of the Standard Model include S. L. Glashow, Nucl. Phys.
22, 579 (1961); S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); A. Salam, in Elementary Particle
Theory, ed. N. Svartholm (Almquist and Wiksell, Stockholm, 1969), p. 367. G. 't Hooft and M.
Veltman, Nucl. Phys. B50, 318 (1972); B. W. Lee and J. Zinn Justin, Phys. Rev. D 5, 3121, 3127
(1972); ibid. 7, 1049 (1973). S. L. Glashow, J. Illiopoulos and L. Maiani, Phys. Rev. D 2, 1285
(1970). N. Cabibbo, Phys. Rev. Lett. 10 (1963); M. Kobayashi and M. Maskawa, Prog. Theor.
Phys. 49, 652 (1973).
[2] For reviews, see P. Langacker, Phys. Rep. 72, 185 (1981); Ninth Workshop on Grand Unication,
ed. R. Barloutaud (World Scientic, Singapore, 1988) p. 3; W and Z Physics, Pennsylvania Report
No. UPR-0468T, 1991.
[3] F. Englert and R. Brout, Phys. Rev. Lett. 13, 321 (1964); P. W. Higgs, Phys. Rev. Lett. 12,
132 (1964); G. Guralnik, C. Hagen and T. Kibble, Phys. Rev. Lett. 13, 585 (1964); P. W. Higgs,
Phys. Rev. 145, 1156 (1966); T. Kibble, Phys. Rev. 155, 1554 (1967).
[4] T.-P. Cheng and L.-F. Li , Gauge Theory of Elementary Particle Physics (Oxford, Oxford, 1989).
[5] P. Gambino and A. Sirlin, New York Report No. NYU-TH-94-04-01, 1994; V.A. Novikov, L.B.
Okun, A.N. Rozanov and M.I. Vysotskii (Moscow, ITEP), CERN Report No. TH-7217-94, 1994.
[6] For reviews, see M. Sher, Phys. Rep. 179, 273 (1989); J. F. Gunion, H. E. Haber, G. Kane, and
S. Dawson, The Higgs Hunter's Guide (Addison-Wesley, Reading, 1990).
[7] H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438 (1974).
[8] H. Georgi, H. R. Quinn and S. Weinberg, Phys. Rev. Lett. 33, 451 (1974).
[9] For reviews, see H. P. Nilles, Phys. Rep. 110, 1 (1984); Testing the Standard Model, ed. M. Cvetic
and P. Langacker (World Scientic, Singapore, 1991) p. 633; H. E. Haber and G. L. Kane, Phys.
Rep. 117, 75 (1985); R. Barbieri, Riv. Nuovo Cimento 11, 1 (1988); P. Nath et al., Applied N=1
Supergravity (World Scientic, Singapore, 1984); G. G. Ross, Grand Unied Theories (Benjamin,
New York, 1984); L. E. Iba~nez and G. G. Ross, SLAC-PUB-6412/92 (1992); in Perspectives in
Higgs Physics, ed. G. L. Kane, 1993; R. N. Mohapatra, Unication and Supersymmetry (Springer,
New York, 1986, 1992)
[10] S. Dimopoulos and H. Georgi, Nucl. Phys. B193, 150 (1981); N. Sakai, Z. Phys. C 11, 153 (1981);
E. Witten, Nucl. Phys. B188, 513 (1981).
139
140
[11] For a review, see M. Green, J. Schwartz and E. Witten, Superstring Theory (Cambridge, Cam-
bridge, 1987).
[12] G. L. Kane, Is the World Supersymmetric? Do We Already Know, Michigan Report No. UM-TH-
93-10, 1993.
[13] L. Girardello and M. T. Grisaru, Nucl. Phys. B194, 65 (1982).
[14] J. Polonyi, Budapest Report No. KFKI-1977-93, 1977 (unpublished); R. Barbieri, S. Ferrara and
C. A. Savoy, Phys. Lett. 119B, 343 (1982); P. Nath, R. Arnowitt and A. H. Chamseddine, ibid.
121B, 33 (1983); L. Hall, J. Lykken and S. Weinberg, Phys. Rev. D 27, 2359 (1983).
[15] J. Ellis, S. Ferrara and D. V. Nanopoulos, Phys. Lett. 114B, 231 (1982); W. Buchmuller and D.
Wyler, ibid. 121, 321 (1983); J. Polchinski and M. B. Wise, ibid. 125, 393 (1983); F. del Aguila
et al., ibid. 126, 71 (1983); D. V. Nanopoulos and M. Serdnicki, ibid. 128, 61 (1983); G. Beall
and N. G. Dashpande, ibid. 132, 427 (1983).
[16] M. S. Chanowitz, J. Ellis and M. K. Gaillard, Nucl. Phys. B128, 506 (1977); A. J. Buras, J. Ellis,
M. K. Gaillard and D. V. Nanopoulos, ibid. 135, 66 (1978).
[17] P. Langacker and N. Polonsky, Uncertainties in coupling constant unication, Phys. Rev. D 47,
4028 (1993).
[18] N. Polonsky, Coupling constant and Yukawa coupling unications: Uncertainties and constraints,
in Proceedings of the International Workshop on Supersymmetry and Unication of Fundamental
Interactions, Boston, MA, 1993, ed. P. Nath (World Scientic, Singapore, 1993), p. 398.
[19] P. Langacker and N. Polonsky, Bottom quark mass prediction in supersymmetric grand unication:
Uncertainties and constraints, Phys. Rev. D 49, 1454 (1994).
[20] N. Polonsky, Precision data parameters and grand unication predictions, Pennsylvania Report
No. UPR-0588T (October 1993):
Talk presented at the 16
th
Kazimierz Meeting on Elementary Particle Physics, Kazimierz, Poland,
May 24 -28, 1993 (to appear in the proceedings, Z. Ajduk ed., World Scientic, Singapore, in
press).
[21] P. Langacker and N. Polonsky, Implications of Yukawa unication for the Higgs sector in super-
symmetric grand-unied models, Phys. Rev. D 50, 2199 (1994).
[22] N. Polonsky, An upper bound on the Higgs boson mass from Yukawa unication and a comment
on vacuum stability constraints, Pennsylvania Report No. UPR-0595T (May 1994):
Talk presented at the International Workshop on Supersymmetry and Unication of Fundamental
Interactions, Ann Arbor, MI, May 14 - 17, 1994 (to appear in the proceedings, C. Kolda and J.
Wells ed., in press).
[23] N. Polonsky and A. Pomarol, GUT eects in the soft supersymmetry breaking terms, Phys. Rev.
Lett. 73, 2292 (1994).
[24] N. Polonsky and A. Pomarol, Non-universal GUT corrections to the soft terms and their impli-
cations in supergravity theories, Pennsylvania Report No. UPR-0627T (September 1994).
141
[25] W. A. Bardeen, A. J. Buras, D. W. Duke, and T. Muta, Phys. Rev. D 18, 3998 (1978); and
references therein. For our denition of the weak angle, see A. Sirlin et al., Phys. Lett. B 232,
123 (1989); Phys. Rev. D 41, 319 (1990); Nucl. Phys. B332, 32 (1990); and references therein.
[26] W. Siegel, Phys. Lett. 84B, 193 (1979); D. M. Capper et al., Nucl. Phys. B167, 479 (1980); I.
Antoniadis et al., Phys. Lett. 119B, 377 (1982); S. P. Martin and M. T. Vaughn, Phys. Lett. B
318, 331 (1993).
[27] For our purposes it is convenient to use the denition of G. Degrassi et al., Nucl. Phys. B351, 49





[28] Particle Data Group: L. Montanet et al., Phys. Rev. D 50, S1 (1994).
[29] See, for example, H. Marsiske, in Proceedings of the second Workshop on Tau Lepton Physics,
Columbus, Ohio, 1992, ed. K. K. Gan (World Scientic, Singapore, 1992), p.1.
[30] N. Gray et al., Z. Phys. C 48, 673 (1990).
[31] S. Weinberg, Phys. Rev. D 19, 1277 (1979); L. Susskind, ibid. 20, 2619 (1979); P. Sikivie et al.,
Nucl. Phys. B173, 189 (1980).
[32] A. Djouadi et al., Phys. Lett. B 195, 265 (1987); Nouvo Cimento 100A, 357 (1988).
[33] A three-loop calculation was recently carried by L. Avdeev et al., Bielefeld Report No. BI-TP-
93/60, 1994. Other estimates use dispersion relation methods, e.g., S. Fanchiotti et al., Phys. Rev.
D 48, 307 (1993); and perturbative optimization procedures [34].
[34] B. H. Smith and M. B. Voloshin, Minnesota Report No. UMN-TH-1241/94, 1994.
[35] P. Langacker, Pennsylvania Report No. UPR-0624T, 1994.
[36] P. Langacker and M. Luo, Phys. Rev. D 44, 817 (1991).
[37] I thank P. Langacker for making that information available to me. See also Ref. [36, 17, 38, 21, 35].
[38] P. Langacker, in Recent Directions in Particle Theory, ed. J. Harvey snd J. Polchinski (World
Scientic, Sigapore, 1993), p. 141.
[39] R. Barbieri and L. Maiani, Nucl. Phys. B244, 32 (1983); C. S. Lim et al., Phys. Rev. D 29, 1488
(1984).
[40] For a review and reference list, see H. E. Haber, in Recent Directions in Particle Physics Theory,
ed. J. Harvey and J. Polchinski (World Scientic, Singapore, 1993). See also M. Drees et al.,
Phys. Rev. D 42, 1709 (1990); ibid. 45, 1725 (1992); J. Sola, in Phenomenological Aspects of
Supersymmetry, ed. W. Hollik et al. (Springer, Berlin, 1992) p. 187.
[41] See, for example, J. Lefrancois, talk presented at the EPS Conference on High Energy Physics,
Marseille, France, March 1993.
[42] A. Djouadi et al., Nucl. Phys. B349, 48 (1991); M. Boulware and D. Finnel, Phys. Rev. D 44,
2054 (1991). See also G. Altarelli et al., CERN Report No. TH-6902-93, 1993; and references
therein.
142
[43] I. Hinchlie, talk presented at the XXVIII Rencontres de Moriond, Electroweak Interactions and
Unied Theories, Les Arc, France, 1993; LBL Report No. 33952, 1993. See also G. Altarelli, talk
presented at the Rencontres du Vietnam on Particle Physics and Astrophysics, Hanoi, Vietnam,
1993; CERN Report No. TH-7246, 1994; S. Bethke and S. Catani, CERN Report No. TH.6484/92,
1992; T. Hebbeker, Aachen Report No. PITHA-91-17, 1991.
[44] There is no consensus regarding the allowed region in the gluino mass { life-time plane. For
example, see C. Albajar et al., UA1 Collaboration, Phys. Lett. B 198, 261 (1987); K. Hikasa et
al., Particle Data Group, Phys. Rev. D 45, S1 (1992); M. B. Cakir and G. R. Farrar, Rutgers
Report No. RU-94-04, 1994; and references therein.
[45] I. Antoniadis et al., Phys. Lett. B 262, 109 (1991); L. Clavelli et al., Phys. Rev. D 46, 2112
(1992); ibid. 47, 1973 (1993); M. Jezabek and J. H. Kuhn, Phys. Lett. B 301, 121 (1993).
[46] R. G. Roberts and W. J. Stirling, Ratherford Report No. RAL-93-032, 1993; A. V. Kotikov et al.,
UC Irvine Report No. UCI-TR-94-3, 1994; J. Blumlein and J. Botts, DESY Report No. 94-008,
1994.
[47] J. Ellis et al., Phys. Lett B 305, 375 (1993); F. Cuypers, Max Planck Report No. MPI-Ph-93-69,
1993; R. Munoz-Tapia and W. J. Stirling, Durham Report No. DTP-93-72, 1993.
[48] M. Consoli and J. H. Field, Phys. Rev. D 49, 1293 (1994); H. C. Chiang et al., Heidelberg Report
hep-ph-9401233, 1994.
[49] J. L. Lopez et al., CERN Report No. TH-6890-93, 1993; F. De Campos and J. W. F. Valle,
Valencia Report No. FTUV-93-9, 1993; M. Carena et al., Max Planck Report No. MPI-Ph-93-37,
1993.
[50] SLD: K. Abe et al., SLAC Report No. PUB-6133, 1993.
[51] C. T. H. Davis et al., A Precise Determination of 
s
From Lattice QCD, Report No. HEP-PH-
9408328, 1994; A. X. El-Khadra et al., Phys. Rev. Lett. 69, 729 (1992); in Ref. [35].
[52] For a review and refernces, see J. Gasser and H. Leutwyler, Phys. Rep. 87, 77 (1982).
[53] L. J. Hall et al., LBL Report No. 33997, 1993.
[54] S. Narison, Phys. Lett. B 197, 405 (1987); ibid. 216, 191 (1989).
[55] R. Roncaglia et al., Indiana Report No. IUHET-270, 1994; and references therein.
[56] CDF: F. Abe et al., Fermilab-Pub-94/097E (1994).
[57] SLD: K. Abe et al., SLAC-PUB-6456 (1994).
[58] V. Khoze, private communications.
[59] H. Baer, J. Sender and X. Tata, Hawaii Report No. UH-511-788-94, 1994.
[60] X. Tata, talk presented at the Eighth Meeting of the DPF, Albuquerque, NM, August 1994; Hawaii
Report No. UH-511-794-94, 1994.
143
[61] J. F. Grivaz, talk presented at the XXVIII Rencontres de Moriond, Electroweak Interactions and
Unied Theories, Les Arc, France, March 1993; LAL Report No. 93-11, 1993; A. Sopczak, CERN
PPE seminar; CERN Report No. PPE/94-73, 1994.
[62] M. Paterno, talk presented at International Workshop on Supersymmetry and Unication of Fun-
damental Interactions, Ann Arbor, MI, May 1994. These results update a previous analysis by
CDF: F. Abe et al., Phys. Rev. Lett. 69, 3439 (1992).
[63] T. Kon and T. Nonaka, Seikei Report No. ITP-SU-93/05, 1993.
[64] VENUS: J. Shirai et al., KEK Report No. 93-189, 1993.
[65] J. Ellis, S. Kelley and D. V. Nanopoulos, Phys. Lett. B 249, 441 (1990); U. Amaldi, W. de Boer
and H. Furstenau, ibid. 260, 447 (1991); F. Anselmo, L. Cifarelli, A. Peterman and A. Zichichi,
Nuovo Cimento 104A, 1817 (1991).
[66] P. Langacker and S. Uma Sankar, Phys. Rev. D 40, 1569 (1989) and references therein.
[67] R. N. Mohapatra and M. K. Parida, University of Maryland Report No. UMD-PP-92-170, 1992;
Phys. Rev. D 47, 264 (1992).
[68] I. Antoniadis, J. Ellis, S. Kelley and D. V. Nanopoulos, Phys. Lett. B 272, 31 (1991); U. Amaldi,
W. de Boer, P. H. Frampton, H. Furstenau and J. T. Liu, Phys. Lett. B281, 374 (1992); T. G.
Rizzo, Phys. Rev. D 45, 3903 (1992).
[69] S. Dimopoulos, S. Raby and F. Wilczek, Phys. Rev. D 24, 1681 (1981); W. J. Marciano and G.
Senjanovic, Phys. Rev. D 25, 3092 (1982); L. E. Iba~nez and G. G. Ross, Phys. Lett. 105B, 439
(1982).
[70] M. B. Einhorn and D. R. T. Jones, Nucl. Phys. B196, 475 (1982).
[71] U. Amaldi et al., Phys. Rev. D 36, 1385 (1987).
[72] See, for example, LEP Collaborations, Phys. Lett. B 276, 247 (1992).
[73] G. G. Ross and R. G. Roberts, Nucl. Phys. B377, 571 (1992).
[74] R. Arnowitt and P. Nath, Phys. Rev. Lett. 69, 725 (1992); Phys. Lett. B 287, 89 (1992); Phys.
Rev. D 46, 3981 (1992).
[75] S. Kelley, J. L. Lopez, D. V. Nanopoulos, H. Pois, and K. Yuan, Nucl. Phys. B398, 3 (1993).
[76] Proton decay via dimension ve operators was also studied more recently by J. Hisano, H. Mu-
rayama and T. Yanagida, Phys. Rev. Lett. 69, 1014 (1992); Nucl. Phys. B402, 46 (1993). Their
conclusions are similar to those of Arnowitt and Nath [74], though are less constraining due to
the inclusion of threshold eects.
[77] R. Barbieri and L. J. Hall, Phys. Rev. Lett. 68, 752 (1992).
[78] A. E. Faraggi, B. Grinstein and S. Meshkov, SSCL Report No. 126 (1992).
144
[79] J. Ellis, S. Kelley and D. V. Nanopoulos, Nucl. Phys. B373, 55 (1992); Phys. Lett. B 287, 95
(1992).
[80] F. Anselmo, L. Cifarelli, A. Peterman and A. Zichichi, CERN Report No. PPE/92-103 (1992).
[81] K. Hagiwara and Y. Yamada, Phys. Rev. Lett. 70, 709 (1993); Y. Yamada, Z. Phys. C 60, 83
(1993). A mechanism to suppress proton decay in the MPM was recently suggested by J. Hisano,
T. Moroi, K. Tobe and T. Yanagida, Tohoku Report No. TU-461, 1994.
[82] L. E. Iba~nez and G. G. Ross, Nucl. Phys. B368, 3 (1992).
[83] S. Weinberg, Phys. Lett. 91B, 51 (1980).
[84] L. Hall, Nucl. Phys. B178, 75 (1981).
[85] J. Ellis, M. K. Gaillard, D. V. Nanopoulos and S. Rudaz, Nucl. Phys. B176, 61 (1980); C. H.
Llewellyn Smith, G. G. Ross and J. Wheater, ibid.B177, 263 (1981); P. Binetruy and T. Schucker,
ibid. B178, 293 (1981); I. Antoniadis, C. K. Kounnas and C. Roiesnel, ibid. B198, 317 (1982).
[86] D. R. T. Jones, Phys. Rev. D 25, 581 (1982).
[87] M. E. Machacek and M. T. Vaughn, Nucl. Phys. B222, 83 (1983).
[88] For reviews see Ref. [2, 9]; Paul Langacker, Pennsylvania Report No. UPR-0539T, 1992; R.
Barloutaud, Saclay Report No. DPHPE-91-16, 1991.
[89] I thank Savas Dimopoulos for discussions and for his suggestion to plot Fig. 3.2.
[90] V. Kaplunovsky, Nucl. Phys. B307, 145 (1988). The corrected value, which we use, was given by
M. Cvetic in M. Cvetic and P. Langacker, Phys. Rev. D46, R2759 (1992).
[91] K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Prog. of Theor. Phys. 67, 1889 (1982); 68,
927 (1983); L. Ibanez and G. G. Ross, Phys. Lett. 110B, 215 (1982); H. P. Nilles, Phys. Lett.
115B, 193 (1982); L. Alvarez-Gaume, J. Polchinski and M. B. Wise, Nucl. Phys. B221, 495
(1983).
[92] S. P. Li and M. Sher, Phys. Lett. 140, 339 (1984).
[93] For recent discussions see, for example, M. A. Diaz and H. E. Haber Phys. Rev. D 45, 4246 (1992);
A. Brignole, Phys. Lett. B 281, 284 (1992); and references thererin.
[94] L. E. Iba~nez and C. Lopez, Nucl. Phys. B233, 511 (1984).
[95] M. S. Fischler and C. T. Hill, Nucl. Phys. B193, 53 (1981).
[96] D. R. T. Jones and L. Mezincescu, Phys. Lett. 136B, 242 (1984); A. Parkes and P. West, ibid.
138B, 99 (1984).
[97] J. E. Bjorkman and D. R. T. Jones, Nucl. Phys. B259, 533 (1985).
[98] See, for example, V. Barger, M. S. Berger and P. Ohmann, Phys. Rev. D 47, 1093 (1993), and
references therein.
145
[99] B. Pendleton and G. G. Ross, Phys. Lett. 98B, 291 (1981); C. T. Hill, Phys. Rev. D 24, 691
(1981).
[100] M. Cvetic and C. R. Preitschopf, Nucl. Phys. B272, 490 (1986).
[101] C. T. Hill, Phys. Lett. 135B, 47 (1984).
[102] Q. Sha and C. Wetterich, Phys. Rev. Lett. 52, 875 (1984).






[104] L. J. Hall and U. Sarid, LBL preprint LBL-32905 (1992).
[105] H. Fritzsch, Phys. Lett. 70B, 436 (1977); ibid. 73, 317 (1978); Nucl. Phys. B155, 189 (1979); H.
Georgi and C. Jarlskog, Phys. Lett. 86B, 297 (1979).
[106] S. Dimopoulos, L. J. Hall and S. Raby, Phys. Rev. Lett. 68, 1984 (1992); Phys. Rev. D 45, 4192
(1992); ibid. 46, 4793 (1992); ibid. 47, R3697 (1993); V. Barger, M. S. Berger, T. Han and M.
Zralek, Phys. Rev. Lett. 68, 3394 (1992); G. W. Anderson, S. Raby, S. Dimopoulos and L. J.
Hall, Phys. Rev. D 47, R3702 (1993).
[107] K. S. Babu and Q. Sha, Bartol Report No. BA-92-27, 1992; Phys. Rev. D 47, 5004 (1993); Phys.
Lett. B 311, 172 (1993).
[108] G. Giudice, Mod. Phys. Lett. A 7, 2429 (1992); H. Dreiner, G. K. Leontaris and N. D. Tracas,
National Technical University Report No. NTUA 33/92, 1992; G. K. Leontaris and N. D. Tracas,
NTUA 37/92, 1992.
[109] H. Arason, D. J. Casta~no, E. J. Piard and P. Ramond, Phys. Rev. D 47, 232 (1993).
[110] S. G. Naculich, Phys. Rev. D 48, 5293 (1993).
[111] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 70, 2845 (1993).
[112] J. Ellis and M. K. Gaillard, Phys. Lett. 88B, 315 (1975); G. Anderson et al., Phys. Rev. D 49,
3660 (1994).
[113] B. Ananthanarayan, G. Lazarides and Q. Sha, Phys. Rev. D 44, 1613 (1991); M. Bando, T.
Kugo, N. Maekawa and H. Nakano, Mod. Phys. Lett. A 7, 3379 (1992); H. Arason et al., Phys.
Rev. Lett. 67, 2933 (1991); A. Giveon, L. J. Hall and U. Sarid, Phys. Lett. B 271, 138 (1991); S.
Kelley, J. L. Lopez, and D. V. Nanopoulos, Phys. Lett. B 274, 387 (1992). For discussion of the
non-supersymmetric case, see, for example, P. H. Frampton, J. T. Liu and M. Yamaguchi, Phys.
Lett. B 277, 130 (1992).
[114] For a recent review of various observables, SM RGE's, - and - functions, see H. Arason et al.,
Phys. Rev. D 46, 3945 (1992).
[115] M. Carena, M. Olechowski, S. Pokorski, and C. E. M. Wagner, CERN Report No. CERN-TH-
7163-94, 1994.
[116] P. H. Chankowski, Phys. Rev. D 41, 2877 (1990).
146
[117] J. Ellis et al., Phys. Lett. 155B, 381 (1985); M. Drees, ibid. 158, 409 (1985).
[118] M. Dine, R. Leigh, and A. Kagan, Phys. Rev. D 48, 4269 (1993); Y. Nir and N. Seiberg, Phys.
Lett. B309, 337 (1993); P. Pouliot and N. Seiberg, ibid. 318, 169 (1993).
[119] W. A. Bardeen, M. Carena, S. Pokorski, and C. E. M. Wagner, Max Planck Report No. MPI-PH-
93-58 (1993).
[120] V. Barger, M. S. Berger, P. Ohmann, and R. J. Phillips, Phys. Lett. B314, 351 (1993).
[121] G. L. Kane, C. Kolda, L. Roszkowski, and J. D. Wells, private communications and Phys. Rev.
D 49, 6173 (1994).
[122] J. R. Espinosa and M. Quiros, Phys. Lett. B302, 51 (1993).
[123] G. L. Kane, C. Kolda, and J. D. Wells, Phys. Rev. Lett. 70, 2686 (1993).
[124] A. Sopczak, Int. J. Mod. Phys. A, 1747 (1994).
[125] S. Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973); S. Weinberg, ibid. 2887 (1973).
[126] M. Bando, T. Kugo, N. Maekawa and H. Nakano, Mod. Phys. Lett. A 7, 3379 (1992); M. Bando,
N. Maekawa, H. Nakano, and J. Sato, ibid. 8, 2729 (1993).
[127] R. Arnowitt and P. Nath, Phys. Rev. D 46, 3981 (1992).
[128] M. Olechowski and S. Pokorski, Phys. Lett. B214, 393 (1988); Nucl. Phys. B404, 590 (1993).
[129] H. E. Haber and A. Pomarol, Phys. Lett. B302, 435 (1993).
[130] G. F. Giudice and E. Roulet, Phys. Lett. B315, 107 (1993), and references therein.
[131] B. Ananthanarayan, G. Lazarides, and Q. Sha, Phys. Lett. B300, 245 (1993); B. Anantha-
narayan and Q. Sha, Bartol Report No. BA-93-25 (1993).
[132] A. E. Nelson and L. Randall, Phys. Lett. B316, 516 (1993).
[133] E. Franco and A. Morelli, Nouvo Cimento 96A, 257 (1986).
[134] M. A. Diaz and H. E. Haber, Phys. Rev. D 46, 3086 (1992).
[135] M. Carena, M. Olechowski, S. Pokorski, and C. E. M. Wagner, Nucl. Phys. B419, 213 (1994).
[136] V. Barger, M. S. Berger, and P. Ohmann, Phys. Rev. D 49, 4908 (1994).
[137] Similar issues were also studied by B. Ananthanarayan, K. S. Babu, and Q. Sha, private com-
munications. [After completion of this work we received their paper B. Ananthanarayan et al.,
Bartol Report No. BA-94-03 (1994).]
[138] J. F. Gunion and H. Pois, UC Davis Report No. UCD-94-01 (1994).
[139] M. Drees, M. Gluck, and K. Grassie, Phys. Lett. 157B, 164 (1985).
[140] J. L. Lopez and D. V. Nanopoulos, Phys. Lett. B266, 397 (1991).
147
[141] J. Ellis, G. Ridol, and F. Zwirner, Phys. Lett B257, 83 (1991); ibid. 262, 477 (1991).
[142] A. Brignole, Phys. Lett. B281, 284 (1992).
[143] H. E. Haber and R. Hemping, Phys. Rev. D 48, 4280 (1993).
[144] R. Hemping, DESY Report No. DESY-93-012 (1993).
[145] G. Gamberini, G. Ridol, and F. Zwirner, Nucl. Phys. B331, 331 (1990).
[146] M. Claudson, L. J. Hall, and I. Hinchlie, Nucl. Phys. B228, 501 (1983);
[147] J. Kodaira, Y. Yasui, and K. Sasaki, Hiroshima Report No. HUPD-9316 (1993).
[148] R. Hemping and A. H. Hoang, DESY Report No. DESY-93-162 (1993).
[149] B. Kastening, Phys. Lett. B283, 287 (1992); C. Ford, D. R. T. Jones, and P. W. Stephenson,
Nucl. Phys. B395, 17 (1993).
[150] M. Bando, T. Kugo, N. Maekawa, and H. Nakano, Phys. Lett. B301, 83 (1993).
[151] J. R. Espinosa and M. Quiros, Phys. Lett. B266, 389 (1991).
[152] J. A. Casas, J. R. Espinosa, M. Quiros and A. Riotto, CERN Report No. TH-7334, 1994.
[153] A. Stange, W. Marciano, and S. Willenbrock, Phys. Rev. D 49, 1354 (1994).
[154] M. Sher, Phys. Lett. B 317 (1993) 159; addendum hep-ph-9404347.
[155] L. Durand and J. Lopez, Phys. Lett. B217, 463 (1989); M. Drees, Int. J. Mod. Phys. A 4, 3635
(1989).
[156] T. Elliott, S. F. King, and P. L. White, Southampton Report No. SHEP-92-93-21 (1993); and
references therein.
[157] B. C. Allanach and S. F. King, Southampton Report No. SHEP-93-94-15 (1994).
[158] P. Moxhay and K. Yamamoto, Nucl. Phys. B256, 130 (1985); B. Gato, ibid. B278, 189 (1986).
[159] R. Barbieri, S. Ferrara, and D. V. Nanopoulos, Phys. Lett. 116B, 16 (1982); Z. Phys. C 13, 267
(1982); M. Drees, Phys. Lett. 181B, 279 (1986); J. S. Hagelin and S. Kelley, Nucl. Phys. B342,
95 (1990); A. E. Faraggi, J. S. Hagelin, S. Kelley and D. V. Nanopoulos, Phys. Rev. D 45, 3272
(1992).
[160] Y. Kawamura, H. Murayama and M. Yamaguchi, Phys. Lett. B 324, 52 (1994); R. Hemping,
DESY Report No. 94-078, 1994; R. Rattazzi, U. Sarid and L. J. Hall, talk presented at The Second
Workshop on Yukawa Couplings and The Origins of Mass, Feb. 1994, Gainesville, FL.; Stanford
Report No. SU-ITP-94/15, 1994.
[161] For recent work on FCNC, see J. Hagelin, S. Kelley and T. Tanaka, Nucl. Phys. B415, 293
(1994); Mod. Phys. Lett. A 8, 2737 (1993); D. Choudhury, F. Eberlein, A. Konig, J. Louis and
S. Pokorski, Max Planck Report No. MPI-PhT/94-51, 1994; and references therein. Suppression
of FCNC due to horizontal symmetries was recently discussed, for example, in Ref. [118].
148
[162] For example, see L. Alvarez-Gaume, J. Polchinski and M. B. Wise in Ref. [91].
[163] L. Ibanez and D. Lust, Nucl. Phys.B382, 305 (1992); V. Kaplunovsky and J. Louis, Phys. Lett. B
306, 269 (1993); A. Brignole, L. Ibanez and C. Munoz, Nucl. Phys. B422, 125 (1994); S. Ferrara,
C. Kounnas and F. Zwirner, CERN Report No. TH-7192-94, 1994.
[164] A. Lleyda and C. Munoz, Phys. Lett. B 317, 82 (1993); T. Kobayashi, D. Suematsu and Y. Yam-
agishi, Phys. Lett. B 329, 27 (1994); T. Kobayashi, D. Suematsu, K. Yamada and Y. Yamagishi,
Kanazawa Report No. 94-16, 1994; C. Kolda, to appear in the Proceedings of The International
Workshop on Supersymmetry and Unication of Fundamental Interactions, Ann Arbor, MI, May
1994, ed. C. Kolda and J. Wells.
[165] D. Matalliotakis and H. P. Nilles, Max Planck Report No. MPI-PhT/94-39, 1994.
[166] M. Olechowski and S. Pokorski, Max Planck Report No. MPI-PhT/94-40, 1994; M. Carena and
C. E. M. Wagner, talk presented at The Second Workshop on Yukawa Couplings and The Origins
of Mass, Feb. 1994, Gainesville, FL.; CERN Report No. TH-7321-94, 1994.
[167] Y. Kawamura, H. Murayama and M. Yamaguchi, Shinshu Report No. DPSU-9402, 1994.
[168] V. Barger, M. S. Berger, P. Ohmann and R. J. N. Phillips, Madison Report No. MAD/PH/842,
1994; M. Carena and C. E. M. Wagner, CERN Report No. TH-7393-94, 1994.
[169] A. Masiero, D. V. Nanopoulos, K. Tamavakis and T. Yanagida, Phys. Lett. 115B, 380 (1982); B.
Grinstein, Nucl. Phys. B206, 387 (1982).
[170] L. Hall, J. Lykken and S. Weinberg in Ref. [14]; G. F. Giudice and E. Roulet in Ref. [130]; R.
Hemping, Phys. Lett. B 329, 222 (1994).
[171] Threshold corrections to the gaugino mass parameters were shown to be small by J. Hisano, H.
Murayama and T. Goto, Phys. Rev. D 49, 1446 (1994).
[172] F. Vissani and A. Y. Smirnov, SISSA Report No. 63/94/EP, 1994; A. Bringole, H. Murayama
and R. Rattazzi, LBL Report No. 35774, 1994.
[173] W. H. Press et al., Numerical Recipes in Fortran (Cambridge, Cambridge, 1992).
[174] See, for example, J. E. Bjorkman and D. R. T. Jones, Nucl. Phys. B259 533 (1985); N. K. Flack,
Z. Phys. C 30, 247 (1986); M. Drees and M. M. Nojiri, Nucl. Phys. B369, 54 (1992). See also
Ref. [98, 136, 116, 143], as well as D. J. Castano, E. J. Piard, and P. Ramond, Florida Report
No. UFIFT-HEP-93-18, 1993.
[175] J. F. Gunion, H. E. Haber, and M. Sher, Nucl. Phys. B306, 1 (1988).
[176] J. M. Frere, D. R. T. Jones, and S. Raby, Nucl. Phys. B222, 11 (1983); L. Alvarez-Gaume, J.
Polchinski, and M. B. Wise, ibid. 221, 495 (1983); C. Kounnas, A. B. Lahanas, D. V. Nanopoulos,
and M. Quiros, ibid. 236, 438 (1984); J. P. Derendinger and C. A. Savoy, ibid. 237, 307 (1984).
[177] H. Komatsu, Phys. Lett. B215, 323 (1988).
